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SUMMARY OF WORK AT STANFORD IR DETECTOR PROGRAM,
APRIL 7 - JUNE 30, 1988

1. The major results of research related to this program obtained before
April 1, 1988 have been already described in our previous progress report of
April 4, 1988 and hence will be summarized very briefly here. First, we
achieved control over the orientation and microstructure of the thin films of
YBa2Cu307-x (YBCO). Second, we elucidated the optical properties of
YBCO, including the penetration depth (which turned out to be rather
small) and the optical anisotropy (which is rather large). Third, we have
observed photo-induced signals (i.e. changes in resistivity) of YBCO films -

in superconducting state as well as in the normal state -- upon illumination
with short-pulsed IR radiation generated by the Stanford free-electron
laser.

2. On the other hand, we have also identified certain obstacles hampering
the ultimate successful construction of competitive IR detectors based on
high-Tc superconductors. First, sample-to-sample variations in the optical
properties of YBCO thin films have been found to be rather large. One of the
reasons underlying these variations is the ease with which oxygen diffuses
into and out of the YBCO films. Second, the best (epitaxial) super-
conducting YBCO films are grown on the SrTiO3 substrates, which may be
disadvantageous for certain (e.g. bolometric) modes of operation. Third, we
had concluded that the most useful frequency range may lay outside the
detecting range of the instrumentation available to us at that time.

* 3. Hence, we have focused our efforts onto these open problems. In the first
place, we have been investigating the newly-discovered high-Tc

superconducting materials based on Bi rather than Y. The compound
Bi2Sr2CaCu2O8 (BSCCO) was found to have Tc-84 K, slightly lower than

* YBCO but still high enough for useful applications. We found BSCCO to be
much less surface-sensitive and, in particular, its optical properties are
much less sample dependent than those of YBCO. Otherwise, their
IR/visible/UV reflectance and transmittance spectra are quite similar

* (Figure 1 a, b, c), in particular to the Y2Ba 4CuO2-x phase discovered in our
group recently (1,2); indeed, the BSCCO and the "2-4-8" phase show
substantial structural similarities. The Bi compound appears somewhat

A.
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more anisotropic in both the optical (Figure 2) and the transport properties.

Actually, the same is true for its mechanical properties: BSCCO is easily
cleaved along the crystal ab plane. Freshly cleaved surfaces are of highest

optical quality, which is maintained over many days of exposure to air.

We have also synthesized other Bi-based superconducting
compounds, but so far it has not been possible to obtain single-phase

samples of the "three-layered" Ba2Sr2Ca2Cu 3010 compound which has
Tc>100 K.

4. As compared to our earlier studies of YBCO, we have extended our
investigations of BSCCO to samples of several forms--sintered pellets, thin

films, single crystals and fibers. We have grown thin BCSCO films on
SrTiO3 substrates( 3 ); they showed zero resistance at Tc-84 K and critical

currents jc-105 A/cm 2 . Single crystals and fibers have also been grown

successfully( 4). These are of potential interest for bolometric mode of
operation; the study of this issue is underway. We have determined the

anisotropy of the infrared reflectance by utilizing these single crystal
specimens, Figure 2. (The films are epitaxially oriented with the ab planes

parallel to the substrate, and hence their spectra are comparable to those
from the ab face of the crystal.)

5. To overcome our instrumental limitations, we have acquired two new
top-of-the-line spectrometers -- a Digilab FTS-40V Fourier-transform
vacuum-FIR spectrometer, and a Perkin-Elmer X-9 double-beam double-

monochrometer NIRlvisible/UV spectrophotometer. Thus we are now able
to study optical properties over a broad spectral range from -6 ev down to a

few meV. With the X-9 spectrometer we have acquired an integrating

sphere detector to measure the diffuse reflectance, which is important for
thin-film studies. (For example, the spectrum in Figure 3 actually shows a
rise in reflectance in the high-frequency side which is real and which is in .'
agreement with electron-energy-loss studies, but which is usually lost with '

the usual specular-reflectance-only configurations.) The technical

difficulty that we had faced was that both instruments are constructed for
studies of samples much larger than our thin film or single crystal
speci-,,eais. To resolve this, we have constructed a home-made beam -.

condenser, for the X-9 instrument, with which the spectrum in Figure 3
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was obtained. The construction of a similar accessory for the FTS-40V

machine is underway.

6. Finally, intensive work has been continued, and substantial advances

made, in the construction of in-situ-growth facilities,in our group.' Noise
measurements have been made using films, prepared at the Stanford

facility by M. R. Beasley's group in collaboration with John Clarke's group
at UC BerkeleyrThe noise is found to increase markedly as the quality of

the films deteriorates., Further experiments with P. L. Richards group at

Berkeley are underway.

7.- Raman effect measurements(5 ) (see Figures 4a, b) (with Varian)and

ellipsometric measurements(W(with Bellcore) etc', give further diagnostic

information as to film quality and further understanding of the basic

processes going on in the films. /

1"Ordered-defect Structure in Epitaxial YBa2Cu307-x Thin Films," A.
Marshall, R. W. Barton, K. Char, A. Kapitulnik, B. Oh, R. H. Hammond, S. S.
Laderman, Phys. Rev. B al, (16), 1 June 1988.

2 "Properties of Y-Ba-Cu-O Thin Films with Ordered Defect Structure:
Y2Ba4CuO 2 .x," K. Char, M. Lee, R. W. Barton, A. F. Marshall, I. Bozovic, R.
H. Hammond, M R. Beasley, T. H. Geballe, A. Kapitulnik and S. S.
Laderman, Phys. Rev. B, Rapid Communications, 3A (1), 1 July 1988.

3"Two-dimensional Superstructure in the A-B Plane of Bi 2(Ca,Sr)3 Cu2O8,8
Thin Films," A. F. Marshall, B. Oh, S. Spielman, M. Lee, C. B. Eom, R. W.
Barton, R. H. Hammond, A. Kapitulnik, M. R. Beasley and T. H. Geballe;
submitted to Appl. Phys. Lett. 3-8-88.

4 "Superconducting Bi-Ca-Sr-Cu-O Fibers Grown by the Laser-Heated
Pedestal Growth Method," R. S. Feigelson, D. Gazit, D. K. Fork, T. H.
Geballe, Science, Vol. 240, Pages 1581-1704, 17 June 1988.

5 "Resonance Effects in Raman Scattering in YBa 2Cu 3O 7," D. Kirillov, 1.
Bozovic, K. Char, and A. Kapitulnik, submitted to Phys. Rev. B. Rapid

* Communications.

6"Optical Anisotropy of YBa 2Cu 3O 7.x," I. Bozovic, K. Char, S. J. B. Yoo, A.

Kapitulnik, M. R. Beasley, T. H. Geballe, Z. Z. Wang, S. Hagen, N. P. Ong, D.
E. Aspnes, and M. K. Kelly, Phys. Rev. B. Rapid Communications 38 (1988)
in press.
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, , April 4, 1988
Iq

SUMMARY OF WORK AT STANFORD ON IR DETECTOB

ROGRAM

1. During the initial phase of this work ( which is still in progress ), we have been

able to gain control of the orientation and microstructure of the thin films of

YBa 2Cu 30 7. (YBCO) laid dcwn by both electron-beam metal sources and planar

magnetron sputtering sources'. The resulting electrical and optical properties are so

diverse that it seems clear that there will also be a vast difference in the infrared

detector figure of merit in the devices fabricated from different films. We believe that

the most viable approach is first to prepare a number of films with well differentiated

properties and then to compare their photoconducting properties. We are well along

the first stage. Our principal results are the following ones.

A. The optical response ( reflectance and transmittance) of YBCO is rather featureless

and almost flat2 in the mid-IR spectral range [see Figs. 1 and 2 1. This is quite

favorable from the viewpoint of detector applications; one could expect a flat spectral

response. In fact, T(o) and R(c)) do not change much throughout the visible, either,

see Fig.6; ellipsometry (done in collaboration with D. Aspnes at Belcorre) does show

some broad and mild features at about 2.7 and 4.7 eV, --ee Fig.7.

B. The optical penetration depth is less than 1000 A in the mid-IR region. It decreases

at lower frequencies due to the free-carrier absorption; it also decreases at higher

photon energies due to increasing absorption of as yet unidentified origin [ Interband

transition(s)? Holstein processes?]. Hence, for a good responsivity, one needs

I "I
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0 2

rather thin YBCO films, say 1000 A thick, or less. This result is in varriance with

estimates which suggested 1-10 gm as the optimum thickness, on the basis of what we

now believe were erroneous estimates of the transmittance due to multiple reflections

in granular samples ( embedded in KBr) , being understood as transmission through

the bulk3. This also illustrates well the necessity of studying the material in detail first.

C. Finally, we have observed large sample-to-sample variations in reflectance of

YBCO films [ see Figs. 3A - 3D ] , despite the fact that they showed comparable

*transport properties. Hence, it has been necessary to first understand the causes of

these variations, and than to learn to control the growth process in such a way as to

ensure reproducible behavior.

2. So far, we were able to trace two major sources of the mentioned sample-to-

sample variations. The first is formation of the Rjunk" overlayer; YBCO is a "line"

.., compound - i.e. it forms at nearly exact stoichiometry composition. As it grows

epitaxially on the (001) face of SrTiO3 substrate, it expels the foreign phases ( which

are likely to form due to small off-stoichiometry variations in composition ) to the film

surface. In Fig. 4, we compare the reflectance spectrum of an YBCO film with the

spectra of the same film after two successive ion-milling runs. In each run, the first

800 A were removed with the argon-ion beam, at the lowest voltage possible and at

almost the grazing angle of incidence. The last 200A were removed with the

oxygen-ion beam; thus one avoids formation of an oxygen-depleted ovedayer. High

" . . . .- d I-3 . • 8- :
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metallic reflectance is obtained ( Fig. 4 ] matching and even surpassing that from

specular (001) faces of the best available YBCO single crystals. We have obtained

independent and consistent confirmation of these conclusions from our ellipsometric

studies on ion-milled YBCO films. In addition to removal of the impurity phases, the

surface density is found to increase, as evidenced by increase of the dielectric

function - in some cases surpassing the single-crystal values. High-temperature

oxygen annealing may well be producing some surface roughness in single-crystal

samples, too.

The second major source of sample-to-sample variations in the optical properties

* in the mid-iR region are differences in grain orientation, because of the huge aniso-

tropy of YBCO in this spectral range. This is illustrated in Fig. 5, displaying the reflec-

tance spectra taken from a side of an YBCO single crystal, with the polarization

paralle' and perpendicular, respectively, to the CuO 2 layers'. The anisotropy

decreases as the phonon energy is increased to the visible and virtually diminishes

above -2eV or so ( see Figs. 6 and 7 1.

3. Thus we have identified three basic requirements for an YBCO film to be suitable

for optical applications: it has to be thinner than 1 OOOA; the grain orientation has to

be controlled and the surface has to be cleaned. Indeed, we have succeeded in

growing very good superconducting YBCO fillms (Tc = 91K with 1-2K wide

transitions; Jc>1.2x107 A/cm 2 at 4.2K), - 500A thick and well-oriented (up to 90%),

with the c-axis or the a-axis perpendicular to the substrate1 .

J,
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4. In parallel to the above work and in analogy to some earlier studies 3 on thin

superconducting granular films of Nb/BN and BaPbo.7 Bio.303, we have attempted to

observe an increase in resistivity of thin YBa 2Cu 3O7 .x (YBCO) films exposed to

infrared (IR) radiation. The films were kept in liquid nitrogen, i.e. bellow the measured

Tc (zero-resistance). The 1 pm thick YBCO films were grown on the SrliO3 substrates.

Silver paint was utilized to make the contacts. The Stanford free-electron laser (FEL)

was utilized as a tunable source of intense, short-pulsed, monochromatic IR radiation.

In Fig.8. we show the temporal dependence of the photo-induced resistivity jump.

The FEL pulses of 300 fsec duration are repeated at 36 GHz rate, and they come in

trains of 1000 pulses each; the wavelength employed was 3.2 p.m. The bias voltage

was 15 V.

Hence, the IR-photodetecting capability of thin superconducting YBCO films has

been demonstrated, in principle.

However, we have found the above result unsatisfactory in two respects: first, the

response was much slower than what was expected, and second, the responsivity

was rather low. As for the first problem, a simple calculation (now that the thermal

conductivity of YBCO is known) shows that the absorbed energy was more than

enough to heat the sample into the normal state, i.e. what is shown in Fig.8 is largely

a thermal effect. Hence one has to decrease the incoming beam energy; however,

that requires the second problem, that of low responsivity, to be solved first - the

signal becomes too weak. This will most likely require an optimization of the orienta-

tion and microstructure of the superconducting film as we are presently doing.
4

4
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5. Our preliminary experiments with very thin ( 500 A) YBCO films encountered

problems due to large and uncontrollable variations of the FEL beam intensity. We

are looking now for more stable and controllable short-pulse IR sources. Also, in

immediate future we intend to extend our experiments into the far-IR spectral region.

Except for some early work6 done in collaboration with the Emory University group,

our spectroscopical studies were limited to mid-IR/visible/UV region. However, for

the specific needs of this project we have acquired recently a Digilab FTS-40V

Fourier-transform vacuum-FIR spectrometer; we are equipped now to cover a broad

spectral range from 6 eV down to 1-2 meV. Finally, good superconducting films of

the 2-4-8 YBCO phase, as well as of the Bi-Sr-Ca-Cu-O phases, have been grown

succesfully in our group, and we plan to extend our investigations to these high-T c

materials, too.
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AN ORDERED DEFECT STRUCTURE IN EPITAXIAL

YIBa 2 Cu 3O7-x THIN FILMS

A. F. Marshall, R. W. Barton, K. Char, A. Kapitulnik,

B. Oh, and R. H. Hammond

Center for Materials Research, Stanford University,

Stanford, CA 94305 and

S. S. Laderman

Circuit Technology R&D, Hewlett Packard Company

3500 Deer Creek Road

Palo Alto, CA 94304

ABSTRACT

An ordered defect structure in superconducting Y-Ba-Cu-O thin films has been

characterized by both x-ray diffraction and transmission electron micrsoscopy.

The defect structure, which is observed growing epitaxially within the grains of

normal YBa 2 Cu 3O 7 .x structure, has the diffraction characteristics of a distinct

phase whose volume fraction can be correlated with changes in film composition.

The diffraction characteristics are consistent with P-i orthorhombic unit cell (a S

b - 3.86 A, c = 27.19 A) with space group Ammm. These are the characteristics to

be expected from a structure in which extra copper-oxygen layers create fault

planes, which are inserted at every unit cell in the parent YBa 2 Cu 3O 7 .x

structure. The composition expected for the pure phase is Y2 Ba 4 Cu 8O 20 .x.

Pr-liminary transport measurements on films containing this extra phase are

* characterized by lower normal state resistances and a lower Hall constant.

%
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I. introduction

While the pseudo-ternary phase diagram for the high-Tc superconductor

YBa 2 Cu 3O 7 . x has been generally estabilished 1,2, finer details of the phase

equilibria near this composition are still of great interest. Several research

groups have recently reported observations of defect structures in the

YBa 2 Cu 3O 7 . x phase and have attempted to correlate these with the presence of

various superconducting transport p nerties 3 "7

Tranw.scion electron microscopy (TEM) studies by several researchers 4 ,8 ,9 have

reported c-&xis defects in the YBa 2 Cu 3 O7 .x phase which locally expand the c-axis

spacing by 16%. Zandbergen 8 , using image calculations of high resolution TEM

images, modelled this expansion as the insertion of an extra CuO planes between

barium layers in the normal YBa 2 Cu 3O7.x structure. Nara in et a13, as well as

others1 0 '11 , reported an apparently new phase with a lattice fringe spacing

uniformly expanded by the same amount (c=13.55 A). This phase appeared in

small volume fractions growing epitaxially on the parent YBa 2 Cu 3 O 7 .x phase 3,11 .

Narayan et al, however, have not to our knowledge reported high resolution

images or a diffraction analysis of their new phase. All of the above observations

have been carried out on bulk or "powdered" specimens. The appearance of

structural defects in these studies has been attributed by some to a decomposition

of the sample surface8 ,12 ,1 3, and by others to to an artifact of the TEM sample

preparation process (specifically ion milling)1 4 "16 .

'I

In this paper we present observations of an ordered defect structure in thin film

samples of YBa 2 Cu 3 O 7.x. An important aspect of our results is the correlation

I
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between T'EM and X-ray diffraction patterns, dearly demonstrating the existence

of such a structure independent of the TEM specimen preparation method.

Further, we show that this structure can exist in large volume fractions of the

films, its appearance correlated to variations in film composition instead of

annealing or atmospheric condition. We show evidence that at high

concentrations the ordered defects can form a distinct crystallographic phase

with a unit cell parameter of 27.2 A. From preliminary transport measurments

we associate the presence of this phase with lower normal state resistivities and a

lower Hall constant. Finally, our results show this phase to be consistent with an

extension of the Zandbergen model, specifically, an ordered array of extra Cu-O

planes.

II. Experimental Methods:

The films reported on here were made by reactive magnetron sputtering and by

electron beam evaporation onto (100) SrTiO3 substrates. Details of each of these

techniques have been reported previously 17,18. A distinctive characteristic of each

of these deposition processes is the use of separate metal sources pointed at

sample holders that contain long arrays of samples. In this manner a

continuous set of film compositions is obtained in one run. It has therefore been

possible to make good correlations of both sample properties and microstructures

with composition. When expressed as a ratio of metal atoms, for example, the

variations in copper concentration within a 6 mm by 6 mm sample were typically

within one atomic percent absolute, while copper concentrations across two rows

of 10 samples each were as much as 8 percent. A typical sample employed in this

study had nominal metal ratios of Y1 8Ba 2 9 Cu 5 3 . Thicknesses were either 1800 or

4000.

% ,
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All of the samples as removed from deposition chambers were found to be highly

disordered by x-ray diffraction. The samples then underwent similar annealing

procedures, resulting in crystallization and oxidation of the Y-Ba-Cu-O

superconducting phase(s). Given the similarities of the post-annealing process,

we have not been surprised to find that films deposited by different techniques (e-

beam or sputtering) have resulted in similar microstructures. The usual

annealing procedure includes 6 hours at 650 C , followed by one hour at 750 C,

followed by one hour at 850 C, followed by a slow furnace cool, all under flowing

02•

Procedures for characterizing epitaxial films in a four-circle x-ray diffractometer

have also been described previously 17 . The films are generally polycrystalline,

though restricted to a limited number of orientations on the SrTiO3 substrate. The

c-axis of the YBa 2 Cu 3 O7 .x structure is usually found in a mixture of 90 degree

orientations, either normal to the substrate or parallel to one of the SrIi03 crystal

axes in the plane of the film. In the symmetrical or Bragg-Brentano geometry

only those peaks originating from a* or c* axes are detected. In order to detect

peaks with mixed Miller indices it is necessary to rotate the sample about one of

the axes in the film plane.

We often distinguish between films with either a- or c-axis orientation, referring

to that crystalline axis which appears predominately in the normal direction. We

have not yet made quantitative distinctions between a- or b-axis orientations17; in

this paper "a-axis" refers to either orientation It is known that the YBa 2 Cu 3 O7. x

structure is heavily twinned 4,12 , causing a large amount of coincidence between a

and b axes.

-- - -.. _-_ .r,. .... "
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Planar sections of both a-and c-axis oriented films were thinned for TEM studies

by grinding, dimpling and ion milling from the substrate side until perforation.

The surface of the film was also ion milled slightly so as to examine the interior of

the film. Ion milling was carried out in a liquid N2 cold stage and with low ion

beam conditions (kV, 0.3 mamp gun current) so as to minimize potential heating

and ion bombardment damage to the specimen. TEM analysis was carried out on

a Philips 400ST equipped with an EDAX 9100 energy dispersive spectrometer.

High resoiution images were obtained on a Philips 430ST.

III. Results

A. Structural Properties

Figure 1 is an x-ray diffraction pattern of a c-axis oriented sputtered film (sample

A). Typical substrate and YBa 2 Cu 3O 7 .x peaks are seen. Extra peaks, marked by

asterisks are observed, all of which can be indexed according to a c-axis spacing of

13.6 A (001) or 27.2 A (001, l=2n). The larger unit cell is consistent with a

superlattice structure seven times the length of the fundamental perovskite unit

cell. The intensity of these extra peaks indicates a volume fraction of the new

structure comparable to the total oriented volume of the normal YBa 2 Cu 3O 7.x

phase. Variations in the x-ray intensities and widths of these peaks have been

observed to correlate to variations in sample composition, the intensities generally

increasing in samples prepared with simultaneous excesses of yttrium and

copper. Samples reported on here contained typically 3 excess atomic percent of

each element.

0
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A number of films made by both deposition techniques and with predominantly

either a- and c-ar's orientation were examined in TEM. The data shown here

originated from one sputtered film (sample A) and one evaporated film (sample

B). Each film was Cu- and Y-rich relative to the YBa 2 Cu 3
0 7. x composition. A-

axis grains in each film showed characteristic defect regions such as are typified

in Figure 2. This TEM micrograph shows c-axis fringes in two perpendicular

YBa 2 Cu 3 O7 .x grains. The region of defects runs along the length of each grain,

the individual faults lying parallel to (001) planes in YBa 2 Cu 3 O7. x . The defect

regions shown here are representative of those observed in many other samples

as well as in at least one bulk specimen. They tend to occur within grains rather

than at grain boundaries, parallel to (001) planes, and energy dispersive

microanalysis indicates that they are somewhat Cu-rich. Defect regions are

generally unstable under the electron beam. Degradation or amorphization of

the lattice tends to occur more quickly during observation of these regions than it

does in the normal YBa 2 Cu 3 O7. x material.

In addition to the defects shown in Fig. 2, a significant number of small,

randomly oriented second phase particles were observed in the TEM.

Microanalysis of these particles revealed them to be Y-rich, with a composition

approximating that of the Y2 BaCu0 5 phase.

A high resolution image of a defect region from a different grain of sample B is

shown in Figure 3. The left side of this micrograph shows normal YBa 2 Cu 3 O 7T x

material with characteristic 11.7 A c-axis fringe spacing. The right side shows

defects, appearing as local expansions of the unit cell. The expansion is

approximately 16% of the c-lattice parameter. The defects occur at a density of one

per unit cell. If one refers to the high resolution image calculations reported by

rI



7

others5 ,'8 9 ,19 20 then one can assign the specific position of the local lattice

expansion to an area between adjacent barium-oxygen layers. The defects in

Figure 3 are therefore similar to those observed by Zandbergen et. al.8 , except that

they are occuring at a much higher density. In observations over many different

grains and in several different samples we have observed considerable variations

in ordering- from structures with isolated defects, to structures with defects in

every other or every third unit cell, to the densely packed and well ordered

structures shown in Figure 3.

Microdiffraction patterns of similar well-ordered defect regions occurring within

[100] and [110] oriented YBa 2 Cu 3 O7 .x grains are shown in Figure 4. The first two

patterns are from sample A, the third from sample B. Because defects occur

epitaxially in narrow bands within grains of the YBa 2 Cu 3 O 7 .x material,

controlled tilting experiments on particular regions have not yet been possible.

Each of the patterns shown in Figure 4, however, shows marked deviations from

the normal superlattice/sublattice symmetries observed in neighboring

YBa 2 Cu 3 O7. x material (cf. references 13,15,19). For example, normal

YBa 2 Cu 3 O7 .x , (100] diffraction patterns are characterized by a square perovskite

sublattice and a superlattice, occuring in the c* rows, indicative of the tripled

(11.7 A) unit cell. The new phase, as represented in Figure 4, is characterized by

either a smearing or a complete absence of intensity in the vicinity of the first c*

subcell reflection (what would be (003) in YBa 2 Cu 3 O7.x). The second c* subcell

reflection (formerly (006) now appears as the seventh spot in the row. A similar

seven-fold superlattice periodicity can be observed between sublattice spots labeled

017 and 01(-7) in Figure 4a. The d-spacings between spots in c* rows correspond to

multiples of 13.6 A, in agreement with the extra peaks observed in x-ray

diffraction.
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Systematic extinctions in the diffraction patterns of this new phase can also be

observed by comparing the patterns obtained within defect regions to those in

neighboring YBa 2 Cu3 O 7 .x material. When moving the beam between

neighboring regions it is observed that the spacings between reciprocal lattice

rows remains the same, while the arrangement of spots within a row varies.

Figures 4a and 4c, for example, show reflections along the c*-axis which are

offset by 1/2 in alternating rows. This suggests a true periodicity for the material

of 27.2 instead of 13.6 A. A consistent interpretation of the three patterns can be

obtained by assigning them to the zone axes [100], (010], and (1101 respectively. All

special conditions for the reflections can then be described by the single formula: k

+ 1"= 2n. These conditions are characteristic of side-centered unit cells. The

diffraction spots in Figure 4 have been indexed accordingly.

Summarizig our interpretations of Figure 4, we find an orthorhombic unit cell

with a single formula for special conditions: k + 1 = 2n. This symmetry is

consistent with of each of four space groups: A222, Amm2, Cmm2, and Ammm.

Using the systematic extinctions observed in Figure 4 as a guide, we have been

able to identify further x-ray peaks from the new phase by tilting a sputtered

sample (A', u milar to that shown in Figure 1) away from its symmetrical axis on

the four-circle x-ray diffractometer. A listing of observed peak positions and

approximate intensities is given in Table I for identification purposes. The peaks

listed here were then used to refine the dimensions of the unit cell, giving: a b =

3.86 +/- 0.02 A and c a 27.19 +/- 0.07 A. The peaks observed in samples A and A'

(Figure 1) are relatively broad and assymetrical, perhaps because the faults in

defect regions are not completely ordered. This resulted in relatively large error
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bars from the cell refinement. Subsequently, we have synthesized samples with

significantly narrower peak widths, yielding the same c-axis lattice parameter to

an accuracy of 0.03 A. As another consequence of the observed peak broadening,

and the fact that oriented grains in our thin films appear randomly aligned with

respect to a 90 degree rotation about the c-axis, we have been unable as yet to make

accurate distinctions between a and b-axis lattice parameters.

B. Transport Properties:

Preliminary measurements of transport properties in these films have been

obtained. A more in-depth study of superconducting and normal state properties

is still in progress. All of the films reported on here are 90 K superconductors, the

superconductivity being most likely due to the presence of significant fractions of

YBa 2 Cu 3 O7 .x . No resistive anomolies between 90 and 300 K have been observed.

Films with significant volume fractions of the new phase are primarily

distinguished by lower normal state resistivities. The resistivity observed in one

mixed phase sample is 100 micro-ohm centimeters at 100 K. While this resistivity

is not particularly low (subsequent films ofYBa 2 Cu 3 O7 , at different thicknesses

have been observed in the range of 80 micro-ohm centimeters), when compared to

samples prepared at the 1:2:3 composition in the same runs (p = 300 micro-ohm

centimeters at 100 K) resistivities in mixed phas2 samples are lower.

Additionally, one mixed phase sample was observed to have an anomolously low

Hall coefficient: + 7.4 x 10'6 microohm-cm/gauss compared to + 2.0 x 10-5

microohm-cm/gauss for YBa 2 Cu 3O7.x . The lower Hall coefficient suggests the

existence of higher carrier concentrations in mixed phase samples (as high as

1022 cm "3 ). Measurements are underway on recently prepared samples which

contain higher volume fractions of the new phase.

V

%%
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IV. Discussion:

A. Structural model:

Our real space images and diffTaction patterns demonstrate the existence of an

ordered array of c-axis stacking faults. A structural model for a new phase based

on these stacking faults will now be considered.

Considering first the diffraction data alone, one can try to fit the new unit cell

dimensions and symmetries to models in which either extra Y planes, extra Ba-O

planes, or extra Cu-O planes have been inserted into the normal YBa 2 Cu 3O7. x

structw.e. In each case one might look for the presence of two counterbalancing

fault planes per unit cell. With the addition of two extra planes then, of average

thickness 1/6 C1 2 3 , one would expect a resultant c-axis imension of:
CC jM = x 2x 11

1

yielding C = 27.255 A. This agrees within experimental error to the c-parameter

refined from Table I. Differences from this value may be attributable to relaxed

thicknesses in the two stacking faults.

• "Chemical precedents for the structure of stacking faults can be derived from

*. model compounds such as La2 CuO4 
21 or SrCuO2 22,23. In the former compound,

* extra Ba or La atoms are accomodated in a perovskit- structure by the formation

of a body-centered unit cell. SrCuO2 appears to be more relevant to the present

case, however, since it demonstrates that extra planes of copper atoms can lead to

* the formation of a side-centered unit cell, in agreement with our diffraction

results.

"J o. . € . ,. .-. ..- € . , , . - , % - * . -- . -
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Zandbergen et al.8 proposed a model for isolated c-axis defects in YBa 2 Cu 3O 7 .,

based upon high-resolution TEM images. They showed that their images, similar

to ours, can be modeled with the insertion an extra Cu-O plane between adjacent

Ba-O layers. Besides the appropriate expansion of the lattice by 16%, this also

results in a lattice shift across the defect by 1/2 [010]. The insertion of one such

plane in every unit cell would produce a side-centered, 27.2 A phase, consistent

with our diffraction results. This model also accounts for the excess copper

concentration observed in our defect regions. (Extra yttrium concentrations,

present in our thin film samples, have been observed as incoherent precipitates,

probably the Y2 BaCuO5 phase.)

The space group for this new phase, based upon the Zandbergen defect model,

would be Ammm. A schematic of the structure is shown in Figure 5. The

composition would be Y2 Ba 4 Cu 8 O2 O.x. Since neither our real space images nor

our diffraction data are very sensitive toward oxygen concentrations, we are

unable to comment at this time on the existence or non-existence of Cu-O chains

in the either of the copper-oxygen layers. Some evidence for plane or chain

structure might arise in the future from measured differences between a and b

lattice parameters. We note that, in a study of the compound SrCuO2 23 where

two CuO planes were found to exist between SrO layers, a chain structure in the

layers was reported. An interpretation of transport properties however, as

presented below, may argue against the existence of chains.

Based on the observation that Cu-O stacking faults exist as isolated entities as well

as in ordered arrays, it is reasonable to conclude that a range of solid solutions

exists between the limits of YBa 2 Cu 3Q 7 .x and Y2Ba 4 Cu 8 O2 0 .x, at least in0
,



12

metastable equilibrium. While such a metastable equilibrium might be restricted

to materials in thin film form, it would be interesting to look for greater quantities

of this phase in bulk materials.

B. Transport Properties

The question of oxygen stoichiometry and placement in Y2 Ba 4 Cu 8O 20 .x, which

cannot yet be determined from our data, will certainly be important to the study of

electronic transport properties. It might be expected that, if the ratio of extra

oxygen atoms to extra copper atoms were greater than one to one, then the

resulting material would be doped, i.e. it would have a greater concentration of

holes. This might explain the observation of lower Hall constants in materials

containing the second phase. Adding extra oxygens in this ratio to extra coppers,

however, argues against the existence of Cu-O chains in the additional layers.

Certainly we expect the chemical environment of the coppers to be different in this

new material, where two CuOx layers now exist side by side. The differences

between Y2 Ba 4 Cu 8O 20 .x and YBa 2 Cu 3O7. x may allow for significant

comparisons of transport properties in the CuOx layers of different types.

V. Conclusions

Based on images as well as diffraction patterns we conclude that ordered arrays

of stacking faults can form a distinct phase in the Y-Ba-Cu-O system near the

YBa 2 Cu 3 0 7 .x composition. In many regions the ordering of the faults is nearly

complete, giving unique electron diffraction symmetries. X-ray diffraction

indicates that the new phase exists in volume fractions comparable to that of its

parent: YBa 2 Cu 3 O7.x. Both composition and diffraction information support a

I W
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model based on extra Cu-O planes, identified as Y2 Ba 4 Cu 8 O2 0 .x. The existence of

the new phase may be associated with unusual transport properties in the films

such as low normal state resistivities and higher carrier concentrations.
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Table I:

X-ray diffraction peaks of the new phase observed in sample A', indexed

according to an A-centered unit cell (consistent with Figure 4). The refined cell

parameters are: a a b = 3.86 +/- 0.02 A and c = 27.19 +/- 0.07 . An independant x-

ray determination of extinctions was not possible in this sample because of

interference from peaks of the substrate and of the YBa 2 Cu 3 O7 -.

Z= Intenz&

002 13.22 s

004 6.66 s

006 4.52 w

008 3.41 w

104 3.35 VS

106 2.90 s

0010 2.74 s

108 2.56 vs

0012 2.28 vs

0016 1.69 s

I Ila 1.66 w

1115 1.52 vs

.,
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FIGURE CAPTIONS:

Figure 1:
X-ray diffraction pattern of a "mixed phase" sample (sample A). The strongest
peaks are due to SrTiO3 (001) and (002), the others are due to 001 peaks of either the
YBa 2 Cu 3O 7. structure or the new phase. Peaks from the new phase are marked
by asterisks and correspond to multiples of a 13.6 A spacing.

Figure 2:
A-axis grains of YBa 2 Cu 3 O7 ,x (sample B) at 90 degrees to each other. Defect
regions several hundred angstroms in width are observed along the (001) planes
within the grains.

Figure 3:
A high resolution image of the grain in Figure 2 shows the normal YBa 2 Cu 3 O7 .x
structure on the left and the defect region on the right. The strong white fringes
at 11.7 A of the normal structure are the Cu-O planes between the Ba-O planes.
These regions are expanded in the defect region indicating insertion of extra
planes. Occasional "good" interfaces (arrows) also are seen in this region.

Figure 4:
Microdiffraction patterns from defect regions appearing within [1001 (a and b) and
(110] (c) YBa 2 Cu 3 O 7 .x grains. Figures a and b are from two different grains of
Sample A, Figure c is from sample B. The symmetry shown in each pattern is
distinct and yet related by epitaxy to that of the neighboring YBa 2 Cu 3 O7 _x
material. A consistent indexing of the spots can be obtained by assigning the zone
axis of the patterns to [100], [0101 and (110] respectively.

Figure 5:
Schematic structure of the new phase Y2 Ba 4 Cu 8 O 2 0x with space group Ammm.
For reasons of clarity, oxygen atoms have been ommitted.
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Two-dimensional Superstructure in the A-B Plane of Bi2(Ca,Sr)3Cu2O8+8
Thin Films

A.F. Marshall, B. Oh, S. Spielman, Mark Lee, C.B. Eom, R.W. Barton, R.H.

Hammond, A. Kapitulnik, M.R. Beasley and T.H. Geballe

Department of Applied Physics and Center for Materials Research

o Stanford University
Stanford, CA 94305

Abstract

Thin films of Bi-Ca-Sr-Cu-O showing superconductivity above 100 K have

been made by electi.n beam evaporation with post oxygen annealing. The

major superconducting phase (Bi2(Ca,Sr]3Cu2O8+8, Tc - 85 K) is oriented

a-, epitaxially with the (100) SrTiO3 substrate. In addition to the one

dimensional incommensurate superstructure along the b-axis, which is

S characteristic of this phase, we have observed by transmission electron

microscopy a two-dimensional incommensurate superstructure in the a-b

plane with a differen periodicity and a different orientation relationship to

* the subcell.



Recently, Maeda et. al. (1] repotted the existence of superconductivity

above 100 degrees K in samples made from the Bi-Sr-Ca-Cu-O system. This

work has been reproduced in other laboratories [2-5] and a superconducting

phase at 85 K has been identified with the approximate composition

Bi2(Sr,Ca)3Cu 208+8, ("232"). Many groups have reported the existence of

two superconducting phases based on observations of significant magnetic

flux exclusions and sharp drops in resistivity at 110 K. To our knowledge,

however, the 110 K phase has not been isolated. The composition and

crystal structure differences between the 85 and 110 K phases are likely to be

very subtle. For example, Tarascon et al [41 reported that while high

temperature heat treatments on the "232" phase could enhance the

magnitude of the 110 K transition, no significant changes in the x-ray

diffraction patterns were observed.

This paper reports the succesful synthesis and initial structure-property

analyses of Bi-Sr-Ca-Cu-O thin films. Transitions at both 110 K and 80 K

have been observed, even in samples which appear from x-ray diffraction to

be of a single "232" phase and of nearly a single epitaxial orientation. In a

transmission electron microscope (TEM) study of the "232" phase from a

multiphase sample, however, we have observed variations in

superstructure order within the single parent phase. Large areas of the

material show incommensurate order along the b-axis, as reported by Shaw

et al (6]. In addition we observe a two-dimensional incommensurate

2
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superstructure in the a-b plane with both a different periodicity and a

different orientation relationship to the parent phase.

The films were deposited by electron beam co-evaporation with three

metal sources: Bi, Cu and Ca/Sr onto (100) SrTiO3 substrates. The substrate

was held at ambient temperature during deposition. Initial depositions

were made at a nominal composition 1:1:1:2 (Bi:Ca:Sr:Cu) resulting in

multiphase films. Subsequent depositions near the 4:3:3:4 composition

have produced almost single phase material with superconducting

transitions similar to that of the multiphase film. During deposition

oxygen gas was introduced through a stainless steel tube directed to the 

substrates; oxygen partial pressure was -4 x 10-6 Torr. Samples with

composition 1:1:1:2 were post-annealed at 650 C for 1 hr, 750 C for 1 hr and

850 C for 1 hr in sequence under oxygen flow; samples of composition

4:3:3:4 were post annealed at 850 C for 6 hrs under oxygen flow. The

transition temperature seems not to depend on the cooling rate: samples

quenched from high temperature give almost the same results as those

cooled slowly.

X-ray diffraction of the films in both the normal (Bragg-Brentano) and

asymetric geometries confirms the presence of the Bi2(CaSr)3Cu 2 O8+-

phase (a = b- 5.4 A, c = 30.78 A). Samples made at the 4:3:3:4 composition

show no evidence of second phases and only one peak (d = 2.7 A) in the

normal scan which cannot be indexed as either c-axis "232" or SrTiO3. The

N N. N. N J *~
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2.7 A peak in this scan might represent an a-axis-normal orientation of the

supercoi-iducting phase (index (200)); its intensity is less than 1% of the

neighboring c-axis (OOJ) peak. In off-stoichiometry films, including the

1:1:1:2 sample reported on below, we have observed three additional phases.

Prelininary analyses using x-rays and electron nicroprobe indicate that

these are: A) CuO, B) a plate-like epitaxial phase with c-axis diffraction at

multiples of 12.26 A (While containing all five elements, this phase is

bismuth rich relative to '"232" as was reported by (3)), and finally C) a

randomly oriented needle-like phase with characteristic 6.50 A spacing and

*approximate composition (Ca,Sr)1 .2Cu2Ox.

The resistivity vs. temperature data for two samples with the 1:1:1:2

and 4:3:3:4 compositions are shown in Fig. 1. The resistivity was measured

by the four-point probe method. Both films show a significant drop near

110 K and a sharp full transition at 75 K for the multiphase sample and 80 K

for the single phase sample. In these films the grains are believed to extend

through the thickness; this implies two-dimensional percolation and a

suppression of the 110 K signal as compared with bulk samples (7]. While

we have observed similar superconducting transitions in samples made

from several different compositions, we have also noted that annealing

temperatures of at least 850 C are necessary in order to produce a 110 K

signal. Additionally, prolonged anneals at temperatures in excess of 880 C

have been observed to result in a decomposition of the film (generally

resulting in the three additional phases noted above). The observation of

Jl
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both 80 and 110 K transitions in single phase films supports the proposition

that the structures responsible for the two transitions are closely related.

TEM results presented here were obtained from film A of Figure 1.

Analysis of the single phase films is currently being carried out. TEM shows

that there is a significant amount of in-plane orientation of the "232" phase

with the a and b axes of the structure aligned with the [1101 directions of the

substrate. Because our TEM specimens thus far have been planar sections

we cannot directly image the layering along the c-axis. However,

convergent beam patterns, which give access to the third dimension of

reciprocal space, confirm that the layer periodicity is -31 A (Figure 2). We

find that the superperiod along the b-axis is consistently shorter than the

commensurate 27 A spacing reported by some [2,3]. This

incommensuration also occurs in bulk specimens made in our laboratories;

the periodicity is of the same order as that reported by Shaw et al. (61, 25.8 A,

and has not been observed to vary significantly with composition or

annealing treatment.

Analysis of the convergent beam pattern shown in Figure 2 indicates a

point group ram2. This is based on rather subtle variations in the patterns

of diffuse intensity in the non-zero order discs showing a single mirror

rather than two perpendicular mirrors in the [0011 projection. Others have

suggested the point groups mmm (2,10], or 4mm or 4/mrnmm [41. While

these other point groups may be applicable to the subcell, our convergent

1 -1% 1 % NON



beam patterns may reflect the loss of a mirror plane due to the b-axis

superstructure.

In additional to the one dimensional superstructure along the b-axis we

have also observed a two-dimensional superstructure in the [001]

orientation. The two types of patterns are compared in Figure 3, a and b.

The two-dimensional superstructure exhibits a significantly larger

periodicity, approximately 36 A as compared with 26 A in the one-

dimensional b-axis ordering, and is rotated between four and five degrees

with respect to the substructure. This results in a pattern with apparent

four-fold symmetry but with a loss of mirror planes parallel to the four-fold

axis. Convergent beam patterns show that the 30.7 A periodicity along the c-

axis remains; however, we have been unable to obtain convergent beam

patterns of sufficient quality to determine if the structure is truly tetragonal.

Regions of the film showing the two-dimensional superstructure have the

same sublattice orientation as adjacent one-dimensional regions and there

is no dear boundary between the two. However there are sometimes

regions between the two that appear to be transitional as shown in Figure

3c. We have also observed the two-dimensional ordering at least once in

bulk spedmens showing superconductivity above 100 K. No obvious

difference in composition was found between one and two dimensional

regions using semi-quantitative x-ray microanalysis.

'
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High-resolution images of the one and two dimensional superstructures

in the a-b plane are shown in Figure 4. The superstructure fringes appear

diffuse with no sharp boundaries; the rotation of the two-dimensional

superstructure with respect to the 2.7 A subcell fringes is evident in Fig. 4b.

The true periodicity of the superstructure is twice that of the image. Shaw

et al. (6] have shown that the b-axis ordering as seen in the [1001 direction

occurs along Bi202 layers and is "out-of-phase" in alternating Bi20 2 layers;

this gives the appearance of one-half the period when viewed in the [001]

direction.

p. The one and two dimensional superstructures in the a-b plane appear

to be due to the same structural modulation both because of their similar

diffraction and imaging characteristics, and because they occur intimately

intermixed in the same "grain" of the subcell structure with no clear

boundary between them. However, the nature of this modulation, even in

the more commonly observed one-dimensional structure, has not yet been

determined. The appearance of strong satellites about subcell reflections,

the intensity of which falls off rapidly with distance from the subceU

*" reflections, is characteristic of several types of modulated structures,

including composition modulations (e.g. spinodals), periodic shear or

antiphase boundary structures, and, in some cases, charge density waves [8].

The rotation of such superstructures with respect to the subcell has been

observed in shear structures [81 and charge density waves [9]. The lack of

sharply defined interfaces in the real space image suggests a compositional

0z



modulation or charge density wave rather than a crystallographic shear or

displacement. However, the discontinuity of the modulation along the c-

axis and localized distortion of the superstructure as observed in the b-c

plane by Shaw et al. [61 may allow for diffuse imaging of such a structure.

It will be a challenge to model the structural origin of various observed

superstructures in Bi2(Ca,Sr)3Cu 2O8+6,, and to establish their relationship,

if any, to the existence of 110 K superconductivity. We are currently looking

for correlations between the density of these phases and the existence of

.

sharp resistivity drops at 110 K.
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Figure Captions:
'-.

1) Resistivity vs. temperature for two films of nominal composition 1:1:1:2

(A) and 4:3:3:4 (B). Both show a drop in resistivity of similar magnitude at

110 K and zero resistance at 75 K (A) and 80 K (B).

2) Convergent beam diffraction pattern of the "232" structure in the [001]

orientation. The first Laue ring (arrow) corresponds to a periodicty along

the c-axis of -31 A. The symmetry of the center disc and of the whole

pattern are observed to be 2mm and m (marked) respectively. This

corresponds to a point group 2mm.

3) Microdiffraction patterns of the "232" phase in the (0011 orientation

showing a) one dimensional ordering along the b-axis, b) two dimensional

ordering in the a-b plane which is rotated with respect to the subcell by

approximately five degrees and c) a transitional region between the two.

4) High resolution images of the (a) one and (b) two dimensional

superstructures in the a-b plane of the "232" structure. The periodicity

observed is ha that of the true superstructure (see text). The rotation of the

18 A fringes with respect to the 2.7 A fringes of Figure 4b can be clearly seen

by sighting along the fringes close to the plane of the page.
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ProPer to Y.De.C-0 tdrn Mm with ortkrei Mdefc sMuctur YA94 CO0 2 .

L. Char, Mark Lee, x. w. Barton, A. F. Marshall, I. Dozovic, R. H. Hammond., M. it. Beasley,
T. H. Geballe, and A. Kapitulnik

DePOIiiUen Of Appied PhY4ie. SlaxfOfd UaliPit, tanford Califtwid 94305

S. S. Laderman
Ciftwit Techaolog R. Hewlett Packard Compay. 3500) Dee0 Creek Rad. Palo Alto, California 94304

(Re-eIvedA 26 February 1988)

Properties of both unfaultad and faulted g-axis-oniented Y:DadCujOss-, thin dim are reported.
Their Superconducting transition tamperstues ame It and 93 K. respectively. This implie that
the precise ordering of copper-oxygen layers in y~aiCuO,-a is not crucial for the hig T1.
YiasCusOn-z e"hbits lower resistivity and lower Hall coefeist than Y3CuO,-z-. The *I-
tra capper-oxygen layers seem to play A important rowe in the normal state

Recently, we presented an analysis. using both x-ray Y2Ba4Cu#Ou-. (2:4:8). 10 this paper, we report addi-
and electron diffraction, of an ordered defect structure in tiomsi evidence for the 2.4: model as Weil A's the synthesis
epitaxial Sims of Y-Be-Ca-O.1 We determined that of dims in which the new materia appears a nearly a sin.
significant Moume fractions of a Ailm could be character- gle phase with a high degree of ordering perfecton. Upon
ized by a c-axis parameter which is expanded by the width changes in growth and poftnnealing conditions. samples
of one atomic layer from the normal YBa 2CuAO,, could be mae either as 1:3, or 1-4:8. or more common.
(1:2:3) structure. Using a model originally proposed by ly, as faulted structures that mix the two. We report
Zandberg es W.. 3 for isolated defects in bulk materials. normal-state and superconducting properties for the new
we proposed the eMUMnc o( an ordered defect structure pAse a wedl as its strudcurally faulted variations, We
in which an extra copper-oxyge layer appears in every fiM that the new phas. is characterized by significant
unit cell of the parent 1:2.3 mterial (se the inse in Ftg. chaneos ia the normalastate transport properties when
1), The composition of this structure would be compared to the 1:213 compouand, whale its critical temper-

ature is decreased by only 10 L. Our interpiretations of
the observed properties are discussed in terms of the pro-
posed 2:4:8 structur

Samples were prepared by both electron-beams evapora-
0 @a tins and reactive maneron sputtering. Detale descrip-

. CWtions of the deposition tchnique were published else-
0 0 whereA' BaF: was used a the Beoat coue in the evapora-

tiM,5 aW a Be metal targe was used in the sptting.
A aA Microprobe analysis showed no Awurin in the samples

made wih sF2 after a wetO0 anneal. In orderto
__ achieve the veil-ordered new phase, the film had to be

rch in Cu with slightly Y-rich composition (YIBazsCus7)
according to the microprobe. Film mae with Ba metal
hae propertie commiseat with those of film mae with

I Baij. For tranpoet measuremeats, samples wer Pat*
N terned into 0.4-mm-wide anid 2-mm4ong stripe by regular

were made using silve evaporated on the pads. The x-ray
diffiraction dao in this paper were obtained using a fowr-

Al- circle way dufractometer in a symmetrical scatterng~
powgy (iftactm vetor 9omjs tothe film).'

Despite a clear interest in determining oxyge moacntra-
10 20 30 4 0 s tiom istnw rutu we avis syet fond a liabis

29 (dug) analytical method which is applicable to thin films.

FIG. 1. X-ray duliroctie data of a c-ami-oretd 246 sam- Rpm~ I shows x-ray dffocic data of an oine

ple Peab marked with an amweisk Wolng to thes 1:2:3 phse of 245 sawple (cumv A in F. 3) with C axis perpendicular
the sample. Each arrow ae the 24:3 pubh denotes the direction to the StriO (100) substrate. As indicated in the firdrw

it moves whie the stacking faults appear. lnam &hows a unit cmll echb major peak can be assigned to either the subst rate.
of 2:445 strtr. c-axis-oriented 1:2:3, or c-axis-oriented phase having a

ii 34 @l1968The AmwiaPhys" Soc'aY



a PROPERTIEs OF Y-11606- THIN FILMS WITH ORDERED ...

iattice parameter ot 27.19 A with odd-order resections to oscillate with scattering Angl with the Sam direction
missing. We nom that relative to a fim made up almost as our observations. The amplitude of the shft increase
entirely of 1:1:3, the intensity of the 1:1-3 is about M% with an increasing density of faults. Thes onsideations
Furthermore ach peak of the 27.19 A phase is sharp and lead us to refer to material showing such osclltory peak
falls at a scattering vafta whose magnitude is an integer shifts AS "fauled" More Complete calculations taking
multiple of W,27.19 A-'1 within our experimental pre- inlto account themnulticmponent nature of our film ane
cision of t 0.003 A -'. For the remainder of this pape, underway. we have also found that upon further anneal,

wrefer to samples which satisy this criterion as "well or- a Bragg peak at 29-35.5 appears, which we attribute to
dered" or "unfaulted," in contrast to the -faulted" struc- CuO. Note that there is a clear change in its supercon-
ture descrie net.~,~.~osreiiircinpt ducting transition temperature, associated with the struc-

As rpored arlir, weals, obervd dffrctio po- tralchange (see the insets in Fig. 2).
terns having broad peaks close to. but not precisely Resistivity versus temperature data for the unaulted
aligned with. the well-ordered positions. Figure 2 shows 2:48 sample (cuve A) are shown in Fig. 3 along with a
diffraction and resistivity data for (a) a welj-ordered sam- 1:2:3 phase (Curve B),' a faulted 2:4: phase (curve C)
ple and Wb the same sample after further aneln. and a 1:2:3/2.4:8 mixed but unfaulted phase sample
After a further annal the peak shifted. We interpret (curm D). There are three points to note. (1) The transi-
ths results to imply that the well-ordered structure is not barn temperature of the unfaulted 2:4:11 phase is about 10
stable at higher temperatures. This may be a reason why K lower than the 91 K normally Ma in the 1:2:3 struc-
our film made with DaF2 have a am weil-ordered ma- turn. (2) Thi 1:4:8 phase has a lower reistivity. 150
teria since they were annealed at low temperatures and s aOan at 300 K and 30 # 91 ca at 100 K compare with
foriless me. We believe that the peak shifts amedue to 300jllcm at 300 Xand l0pfulanssat100 K forthe
layering disorder in the structure. Support for this inter- 1:2.3 phase. (3) The resistivity of the 2*48 sample extra-
pretatica isfound by considering the diffraction patten oae to zwo around 35 K while the resistivity of the
expected for layered structuree with radom faults.' As 1:2:3 extapolates to =ar at (or slightly above) 0 L This
random faults are introduced, diffraction peab braden intriguing pa as dowcssed below. Some samples with
an shift The magniltude and direction of the shift de- faulted 2:4:3 struture have been obseve with onset tem-
pa on the details of the model. A simple releant model pematures as high a9 %K and uro-roeitance tempera.
is the case of stcking monosaomi layers with two pomn- turns as high as 93 L. Thes values are repeatedly about
bin interlayer distancec 11.7 and 13.6 A. Thes spacings 3-4 K higher than those ofour well-ordered 1:2:3 samples
reproduce the obsrve sets of well-ordered peak powi made under the same conditios. Whether this hoghe 7'
tions. Taking the 13.6 A spacing as the norm and intro. is jut a sample to sample variation, or a special property

ducinll.7Aspacings as faults, the peak shifts are found of this faulted 2.4:3 structure 44~g, due to strain or dopingducin .7of the 1:1:3 structure produced by the stacking faults or
souse kind of superstaking) is yet to be clarified. The

_______________sample with unfaulted 1-4:8 and 1:1-3 phases (curv D)
(a) that are presumably mixed on a macroscopic scale clearly

'I has am transition at 90 K and anohe transition at $I1K

- 0.

M ISO.-

*C A

______________________0_ g o 40 300

10 20 30 40TUMPIATURE (K)
26 (do FIG. 3. Re~od. ity ve tsmraters data 0( A c-azha-MOmntad

FIG. 2. X-ray diffrectim data Of A c-ma-inted 2.4:8/1:2:3 unfaua 2:4:8 saple (carve A). a typiWa c-a-orieatad 1:2.3
miad but uafaalte U0mpl (a). aad the sawe saple after sample (Gsum S). & owW~.cnmu fauled 2*4. sample (cum
hiab-userstur ss anen Wb) Ths sift of th ba C). aed a 1:2.3/224: mind but mnaaue sample (curve D).
cuuakW w"s andom 2.43 isak faUlts. lust shw she lersow m apesinatia vs topmmnar data 0( a C-ai-
rawluv" ty v pevtur dao& ori~inted vifaal'M 1.48mm
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0rrepnding to the 1:2:3 transition a&M the 2*4: tinsi- ad 2*4: sample is only slightly lower than that of a good
tin epciey 1:1-3 sample indicates that hzgh-T, superconductivity

in order to esals fatr that the chanp in r, is due does not depend on the precis ordering of the copper-
to the 2:418 ph&*e mageetizatian versus temperature data oxygen layers in the 1:2:3 structure. Furthermore, if 2:48
taken while becting as nfaultud! 2:48 sample in a per- has a different Cu-O chain configuration from 1:2:3, this
pendicular fiel of 100 0 are shown in the inset is Fit. 3. would imply that the Cu-O chains ame not crucial for
The sharp transtio temperature at SI K is in excellent high T, in contrast to models" which Assin the Cu-O

areet with the resistivity measurement. The critical chains a crucial role in the superconductingmechanism of
currnt de',Wty At determined from the mageetic lays- the high r.. A possible role of these layers is to couple to-
teresis loop is about 4x 10' A/cm2 in 3 kO at 4.2 K &Wd gether the two adjacent Cu-0 2 planes; thus, by adding
I x 10' A/cm2 in 3 kG at 60 LC These values are coupe- another copper-oxygen layer between the Cu-0 2 Planes,
rable to those of good c-axis-oriented epitaxial 1:2.3 the coupling between the Cu-0 2h planes becomes weaker,
films. 5  resulting in a slightly lowe rT Another possible role of

In Fig. 4, we show that the Hall coefficient data Rit for the co -roxygen layers between the Da-O layers is to
this unfaultod 2:48 sample (curve A) are smaller than dope the system with, caffiers.
those of the 1:2.3 materia (curv B), "0implying higher Wbh the effect of the exta copper-oxygen layer on T,
carrier densty, at heast within the framework of a simple is relatively small, the effect on the normal-state proper-
single-band theory. The 1:23/2-4:8 mixed sample (curm tien is sigeifcant. For example, even though both the
C) with stacking faults has the Hall coefficien value in 1:2.3 and the 2:48 materials show a linear temperature
between those of the 1:2.3 sample and the unfaulted! 2:48 dependence of the resistivty, the absolute value of the
sample. The linear temperature dependence of 1/&u o( resistvity of 2:4:8 is lower than 1:2.3 and its extrapolates
the unfaulted 1:2:3 phas takes on more curvate us the to zeo at 55 K whereas the 1:2:3 material extrapolates to
new stacking sequence appears as se in Fig. 2. The us- zero am 0 L. The lower resistivity might originate from
faulted 2:4: case displays more complex behavior in this the highe carrier density in214:8 material. However, the
temperature rangL It is intereting to noe that the tern- extrapolation to zero resistv at 55 L. which we have
persture at which the invrs Hall coebient for the us- no -ss in mny of our other materials, presents a more
faulted 1:4:8 phase extrapolates to zero coincides with t difficult problem. One pamable explanation is that there
temperature at which the resistivity extrapolates to zm exists a scattering mechanism in these materials with a
All the iamples showed hole-type Hall effects. Finally, we chaacteristic: temperature highe than roam temperature
have maide preliminary ir reflectance measurements on the such that, in the temperature range over which we have
unfault-ed 2:48 material. The results show behavior simi- beeameasuring. the temperature dependence of the meis-
lar to the 1:2:3 material but with a generally higher tivity is actually a linear approximation to an underlying
reflectance, consistent with the highe carie density. nonlinear dependence. If this is trus, it folows that the

We will now interpret these data in terms of the pro- apparent linea temperature dependence in these maten-
pon 2:4:8 structure. The fact that the r, of the unfault- ale is an artifact (similar to the Gruneisen-Bloch formnu-

la'" for pure metals). However, this interpretation re-
quires that the residual resistivity of the 1:2:3 material be

is-muah greater than that a( the 2.4:8. Finally, the tempera-
tare dependence of I/Ru for the 1:4:8 phase is different
from that at 1:1:3. The former is so monotonically do-

A craigand the latter.i. Metals that can be described by
sige1-1end theory have temperature-independent Hall

%%coefiient Evidently, a single-band theory is inadequate
10- 2xion and two or more bands would be neesary to adequately

accoun for beth the anomalous Hall coefficient and, resms
In sumamary, we have found additional evidence that

'I stacing faults in the farm of ea copper-oxygen layers
. am be osdumd to form a new phase, the 2:48 phase.

VA& ethe unaulted2:4:phase hasTrofl 81 &faulted
4~ s2*4: phase can have ras high as9 % L higher than nor-

inaly aen in po 1:2:3 fims. The small change in r
a implin that the precise ordering of copper-oxygen layers

in 1:2:3 is lo crucial for the high t. The normal-State
a prperiesof :4:5phae dffe sinifianty fom hos of

0 100 200 peth e :3ase the 24: phase hif ig~at l o roetit. of
TEMPERATURE (QQ which extrapolates to zeO at temperature of 55 K; iii

FIG. 4. Hail ooamfi a and uinlIRwee a( a c-aia- Halcoeffcient is smaler wWdit has adifferent tempers*
Oriented unfamltad 2:4: saple (curve A). a typica c-axis- ture dependence from that of 1:2:3 phase. The extra
oriented 1:2:3 sample (cumv 5). and a c-alia-onetad faulted copper-oxyg0en yr seem to play an important role in
2.4. sainpie (curve C). the normal stats.
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with A tghtly focused La we beam (-50 Jm '

_____________________wide) having a circular cross section. A seed
crystal is then introduced Into die melt andi
growth is accomplished by wtdrwing dhe'p
seed at a controlled raw. To maintu con-

feur d intoSuperconducting Bi-Ca-Sr-Cu-O Fibers Grown by the *t'~' ber a ZZatAeerie by dhe
Laser-Heated Pedestal Growth Methodfiedamtrese.%

The source material in these experiments

R. S. FEiGELSON, D GAzr,* D. K. Foix, T .GBLEWas Prepared ft=m Bi2O,, CaC03, SrCO3,
_____ ____ _____ ____ __ T.__H._ _____ ____ and CuO powders. The approphiate

amiounts were mixed together, finely '
Superconducting fibers of several compositions including the nomna composition ground, presed into a pelet and sintered
Bi2CaSrCujO, have been grown by means of the lasw-heated pedesta growth method, for 15 hours in air at 78MC. The pellet was
The influence of starting composition and growth conditions on structuare and then ground. pressed again, and sinrered
superconducting properties is discuissed. The a-4 planes of the material are parailel to under the same conditions. Rectangular
dhe fiber axis (along die growth direction), providing the ideal condition for condase- rods 1.2 by 1.2 by 20 mmn in suze were cut
tion along the copper-oxygen pLanes. out of die polycrystalline pellet and used

both as the source mraterial and fo~r seeds.T m HE ml-Etm PEDwan GROWTH anisotropic layered copper oxide supercon- Four different starting compositon's Were
(LI{PG) method has been shown to ductors. Also, oxide fibers have been grown
be a powerf Ul method for rapidly small enough in cross section to be flexil

growing small-diamnete single crystals, par- and thus have die possibility to serv as
acularkv oxides, both for measuremients of model systemns for making the superconduc- f
properties and for fabricaring fiber devices tors in wire form. Finally, die LHPG tech -

(1, 2). It is a containedecss technique that rique is closely related to the Boar-zone J
does not require a conventional furnace and mnethod. which is kinown to be the ben qFQ.oi fiber cr y"l

can be used to grow crystals of very high technique for growing incongruently melt- c, laser bell"
meliting-temperature materials without wor- ig compositions. noe"n
ry about reactivity with components in the Since all the new high T. superconduct- '
growth system. It characteristically involves ing phases exhibit complex inconigruenit
steep axial temperature gradients that permit melting; behavior, it was suggested (5) that -suc Rutef
rapid growth rates (typically millimeters per the LHPG technique should be ideally suit- fe
minute) and high quench rate that have ed to the growth of these mraterials in fiberI
made possible the growth of crystals of form. One of die majo advantages of this
metastable compounds such as the high- method is that an a priori knowledge of the
temperature hexagonal form of BaTiO1 (2). actal melt composition required to produce
The sharply focused Laser beam penniets the the appropriate steady state growth condi- Io
formation of narrow molten zones that 4i- tions is not needed. T7he melt automatically
low the growth of stigle-crystal fibers of adusts itself to exacdy die ~ight composition
micrometer diameter. needed, as demanded by the thermodtynamic

Following the early work by Bumius and properties of the system.
Stone (3), an extensive prog-am has been Initial attempts with the (L4SrhzCuO4 lo
undertaken at Stanford that has produced a and YhazCu3O, compounds were not suc-
large number of diffren types of single- casfuil owing In decomposition and loss of ~
crystal fibers. Follwing: the discovery of CuO. Even though some superconductivity ,

high-temperature superconucting cransi- was obtained. it was evident that in order to r
tions in the copperoxd perovikit systems obtain die desired composition and single- no
by Bednorz and mafla (4), it seemed crystal structusre it would be necessary to
worthwhile to arneto grow single-crys- enrich the fed stockt with QuO. With the
tal fibers of the high transitioni tosiperature discovery of high T, in the Bi-Ca-Sr-Cu-O
(T,) materials for a m of reasons. system (6) and its stability with respect to
There is evidence dise fiber single crystals oxygen (7), it became worthwhile to investi -r

can be the most perfenct crystals that are gate the applicability of the LHPG method
grown by any mcarts With the proper to the growth of these new compounds. InT
choice of seed, fibers of diffret onait- this report the preparation, structure and WA
cions can be grown, a particularly valuable some of the superconducting proper=ie of SOurm
attribute if it can be done for the highly dense, oriented. large-grair. polycrsalne 0.4a '

fibers grown from BizCaSrzCuijs..a anid One -"

C~ne o Mana keac id ft Deau of Bi, sca1 2Sr,,sCuiz0ss starting materials FWg 1. (Top) Sdiaan diagrxm Of the IaWc- K
q4 -;d pedestal growth itu (aor)vu
A=Scdno Mm. kuilmd melt tanpearue CA wil beico dicssd

A schematic of the LHPG method is ,,,,, in nitc rrc miieiuea aficno

60nj iew vro rjW -1 R=esnh Cete Ne given in Fig. 1, top. The top of the source Iasr ContiCt Point. Error limitcs mreprtcnt mci-

V 0 -ir 900 1. 84= rm seli. , rod of the material to be gown is meltied iurcen vananoa over tive capalnment.
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TWO~ 1. Details of the different fiber growth runs. The temperatures are u-nc-e. p pyrmer t- W1 ld.whvalg
values of the mielt rmperacuiv at the sudwae near the growth intrfaice. Fiber 3 evujtt i sigrticn t
lugher rtauvity than fibers grown in air or oxygen. of infX argd-exepon r hi eadr

Fbr Starting Gtowth Diameter Temp. blackish-copper color.
comosno rae iroshee i) The surfAce structure of the I-mm diarne-
Bi-Ca-Sr-Ca (rnihouir (*C) Mr fiber~ grown at 4.8 m/our (fiber 1.A

1 2-1-2-2 4.8 1.0 Air 900 Tabe1) had,a=shlowrnuiFig. 2,top, a
2 2-1-2-2 1.5 1.0 Air 900 fibrous appearance owing to nunerous fac-
3 2-1-2-2 4.8 1.0 Argon 800 eta and growth ridges aligned parallel to die

42-1-2-2 4.8 1.0 Oxygen 90S 18-12-13-22 48 io A ~growhdectkn.Figure 2,botom. shows a6 1.8-1.2-1.8-2.2 24.0 .0.3 Air 900 fractured cross. section of tius fiber that
7 1.8-1.2-1.8-2.2 4.8 0.2S-0.35 Air 900 dlearly reveals the presence of plate-like crys-
8 1441- 4.8 1.0 AMr 900 rataleshaving ahighly aligned morphlg9 2-L-13 4.8 1.0 AMr 860 All of the places were elongated along the

growth direction. The thinner fiber grown
at 24 mm/hour (fiber 6, Table 1) had similar

used as listed in Table 1. Two different fiber diameter to the source rod diameter is too structure but with fewer grains. The surface%
diameter and lengths were grown from the small (3). The growth rates used for these of the more slowly grown (fiber 7, Table 1) t
randomly oriented polycrysralline seeds: I compounds, as expected, were lower than fibers (4-8 mm/ho~ur), however, altemrnaed
mm in diameter, 10 to 12 mm in length and those required for congruently melting corn- between highly faceted regions like the pre-
0.25 to 0.35 min in diameter and 30 to 40 pounds. The approximate liquidus tempera- vious fibers, and smooth regions. These
mm long. Different growth conditions were tue near the growth interface were mea- smooth fiber sections developed graduallv,y
used for the 1 mm fibers as listed in Table 1. sured during growth using a fine-filament eventually extending to the entire circumfer-
The long thin fibers were grown from melts optical pyrometer. Measurements were tak- ence as shown in Fig. 3. These smooth
of the first two compoisition in air by means en once every 20 to 30 minutes. A plot of regions always ended abruptly, whidt sug.
of a two-step procedure. In the first step, 0.7 the axial temperature gradient is given in gests that their termination was the result of
mzn diameter fibers were grown with a Fig. 1, bottom. The temperature during a dynamical growth instability. Uniform
manually controlled pu rate that was more growth was observed to remaint constant to scarniwig electroon microscopy (SEM) back-
rapid than that used law. In the second within the accuracy of the pyromete read- scatter results on the smoo' surface of the
step, two fibers were grown to their final ing. The melt temnper-ature at the growth fiber indicated that the surfac comnpositon
diameter with pull rates of 24.0 and 4.8 interface decreased dramtically from 90W was homogeneous throughot lUrge area=
mm/dhour, respectively. The two-step proce. to 800*C when an argon atmospher was The cross section of fiber I was composed of
dure was used because the molten anne can introduced into the growth chamber, indi- oriented plaree (grey), surrounded by a
-become unstable when dhe ratio of the fiber caring a stronig influence of C partia pres-

sure on melt composition. It changed rapid-
ly back to 900*C when air was reintroduced
into the systern. The fiber grown in argon .

had a much higher resistivity than dhe other
fibers. Growth in pure oxygen caused die
melt to boiL On replacng the oxygen with
ai, die boilng stopped immediatey All of

FjW 4 (To) SE of frature

FW L SEAA photographs of 4.mduwe (stto) SEMa photmcograph of a fracured

Bi1CASrCuO -6 fiber grown at 4.8 amhour. crssseol1f w u fiber Both Pic~ur"
JTop Side view. S~ofomi Fractured cross sec. FRg. 3. Optical photograph of, smoodi section of reveal a star-shaped second phase in tie core
0a". Bi, ,Cal 5St, 6Cu 2 :O:-a fiber.rgi.
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~.(Left) X-rav dffncnon datais
r a smooth sW on of fiber 7. The MW ALA.

fiber ams ts dircted normal to the o3

plane of the x-ras. (Aig) Powder
x-ray difraction data for fiber 1.
The predomance of die C-axis -
peaba may be duc to a taaxcc fat a 1*012

the crystal to cleave aino; dx &4 Y

plane.' rultng m small cysvtahthat lic Riat vn c r '-500- = oc

ed upward. The powder wa s o, -

All of dhe [O0mj 1,:aks correspond 100 Soto a c- am spacing of" 30.8 A- -_- -=. , 1 L

20 30 40 50 O 70 20 30 40 so 60

z-e 2 -0

Fig. & Resistivity vensw so direction.
tcompcrature for a smo Figure 5, left, shows the 26 scan or•

4 - 7smooth seccion of fiber 7 with the axia
direction normal to the plane of the x-rays.
The [00 I peaks ar visible against an almost

3flat background. Figure 5, nght, shows a
130

powder diff-mon patten made from one
of the thicker fibers (fiber 1). When correc-

IO Mots are made for a misalignment in the
d16=1c1tinmter, both sets of diffraction pat.
ternu indicate a c-axis spacing of 30.8 A, in

Nagrement with data (7) for the 85 K (2-1-
2-2) phae of the Bi-Ca-Sr-Cu-O materials.

30 so so 210 27 Powder diffraction was used for the duck
%MWN" 00 fiber to increase the signal strength.

The reNsuity of the samples was mea-
sured with die four-point probe technique.

white m pha (-10% by volume). A plane containing the incidt and scat- Contacts were made with either silver paint
few- tiny dark spots appeared in de micro- rerd x-rays was normal to the fiber. Rock. or silver epoxy that was later covered with
structure that might be voids or inclusions. ing the fiber toward the plane of the x-rays pressed indiun The contact resistance for

SMICoprObt analysis showed that die grey wh'i tuned to the O0.l2 peak indicated these Gonmu was measured o be as high as

A phase had appIRimatldY the 2-1-2-2 com- that de aXis lis in the Cross sectko to 350 moWnkr 2. The auracy of the rs-

position, whereas the white phase had a within -4 degrees. Roating the fiber about twics that we measured was limited by the
variable cornposiDon always higher in BL its axis while tund to the [0012] peak geometical mcwn of cro section and con-
The apparnut absenc of a phase with a revealed scveral sharp peaks corresponding tact spacing. To within , of urty, we
circular morphology indie cr section or individua" -axis gram in he cross c- could compare: te eff= of growth and

on the surface led us to the conclusion that con of the fiber. Thi result agees well with annealng conditions
the nonsuperconducting needle-like phase the grain str-ure observed in de SEM Te resulm for thesmoothscionoffiber
usually seen in conventionally melted sam- photgraphs of this (Fi. 2). Noc- 7 show a onal s ristivit which is
pies was not forned during the fiber growth azo-orinited grains were found coaxia with linmr in T and crapoae to zero at 0 K
experiments. An SEM photograph of the die fiber. Plinmmary results indicam that (Fig. 6). These data were obtained from the
-acured end of a smooth mdion of fiber a de axial orientation is de [1101 direcon . sam fiber that was photographed in cross

shown in Fig. 4, top. The morphology here The nsulm above wee corroborated by section in Fig. 4, bottom, and that produced
is quite a rentren tom h -n previously, placing die fber axis in the plane of de x- the diflra patmrn in Fig. 5, left. The
In these region seva Large crysalims rays and nxkmg on de caxis peaks. 11e two drops in resistivity at 105 K and 85 K as
cover the entire ms seioml am as can same series of x-ray mefsurancr u w tried originally observed by Maeda et at. (6) are
dearly be seen in die phmapaph of a pol- on a rough section of a &aergown thin believed to correspond to two supercon-
ished surface givers in Fig. 4, bottom. A fiber. These data also revealed crystallim ducring phases of the Bi-Ca-Sr.Cu-O sys-
second phase, in the form of two star-shaped with thr c-axis normal to the fiber as; em. Also noted is a very shallow resistance
rosnear the liber core, can also be sem. however, mucs weaker scateru (1.5 or- tai in the ramsion betwem 5 K and 80
They contain almosi pur CaO. de-s of magnitude) was observed, suge- K, which we believe is a sn of percolation

X-ray diffraction measurments w- ing that the crystallites were smaller, and between crysellima in, te smoot sction.
made on a four-circie dirctnee by pertias mixed with orr p- .s. Measure- It has bew established that in the riated
means of a CuK. source in the Bragg- merits on the thicker fibers. showed de system TizCa4OtBat 04.z, three differ-
Brentano geometry. Five types of x-ray scans c-axis normal to the fiber ,. Grain size ear T phas with x- 1,2,3 cst and cor-
were used to verify that de c-axis of the seem to be inversely related tu growth rae respond to critical temperatures of 80 K.
crvsrallites was perpendicular to the fiber's for the growth conditions used in these 105 K. and 125 K. respectively (8). The 105
growth axis. The c-axis (0Onj peaks were experiments. It is natural to conclude that K drop in resistivity in Fig. 6 is thus suspect-

2 observed in the smooth fiber section when the direction of slowest growth is the c- ed to be he result of a minonty phase ot
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6 Bi.Ca2SrzCu30 1 , whose unit cCi ncludes Seventh Amman Conierene on Cr m o ,K nicatotu.
an extra copper.ox, naye. Tsuchiya tat. 12 t 17 Judy 1987. Monte-v, CA. 12. We ank R. RIavmakm fo die ;,Ivcrictj*
(9)'tav cper ente yrsusci a r a l. 6. H. Mae" Y. Tauak M. Fukuica . T. Asano, p . lin ttamng utnal. C. B. Euni for a.asseance wd,(9) have presented cross-sectional tran1s- I Ap#. Pt. 27, L209 g19B. die SE-4 poonalt . SUw M. pf mnaav rs-
sion electron microscopy result of double, 7. Se, f a-mp. I. M. Truwon a a., pbw. pv. B, a1uy mcesamit. R. Ban tar uwW di-
triple, and quadruple copper-oxygen layers see. fO. snnp: R. M. Ham d a.. PA. R". (r a M. t. for amsntai l,, fts

in the Bi-Ca-Sr-Cu-O systems. Le,.. 60, 1174 (1988); S. S. Parm aad..a a, u This woit was suX Iy h NSF
None of the rm aining Samples, with one prea; C. C TorArdi a a-, Snt e 240,6 I (1988). Mw uv Theas ' -I a P-torv f N SF

9. . Tsuduva a mi.. un p-paraao , die Cenu toe Ma"'aci i a-rAnl sa Stro ug -
exception, had either a linear resistance ex- 10. 1. w. Elin. A. I. Panso . B. A. Btaae al. AM Id e t C'M fRv.

trapolanng to zero or a pair of two super. Pw. Lm. 52, 331 (1988).
conducting transitions. To obtain supercon- 11 V Swn, D. Fork. A. I(Apituolk td.. private cofu.u 27 Ap-i 1988; accepted S May 1988
ducting transitions for the narrow diameter
nonrsmooth fibers, it was necessary to anneal
them in air at 500*C, in contrast to the data

iFig. 6. which were obtained for an unan- .T
ricaled portion of the smooth fiber. This LOW Lake Stands in Lakes Malawi and Tanganyika,
suggests that the process that forms the large East Africa, Delineated with Multifold Seismic Data
oriented crystallites in the smooth fiber sec-
tions also accompanies the incorporation of
adequate quantities of oxygen. The results C.A. SCHOLZ AND B. R. ROSENDAHiL
thus indicate that an oxygen anneal lowers
the resistivity and narrows the supercon- Seismic data reveal that water level in Lake Malawi, Easu Africa, was 250 to 500 meters
ductng transition of the thick fibers, as well lower before about 25,000 years ago. Water levels in Lake Tanganyika at that time
as the rough portions of thin fibers. were more than 600 meters below the Current lake level. A drier climate appears to

It is of great interest to measure the have caused these low stands, but tetonic tilting may also have been a contributing
critical currents of the fibers and, following factor in Lake Malawi. High-angle discordances associated with shallow sequence
the work by Elkin a a. (10) on YBCO, boundaries suggest that these low stands probably lasted many tans of thousands of
improved contacts on the fibers have been years. Beause of its basement topography, the Lake Tanganyika basin had three
made by ion milling the surface and deposit- separate paleolakes, whereas the Lake Malawi basis had on one- The didfrent

* ing silver or gold contacts on the surface. geographis of these paleoLakes may be responsille in part for tie diffirces in the
With a pressed indium ovedayer, these con- endemm fish populations in these take.

but the critical current m easurem ents are z "T HAva U saD 24 -FO LD CO M - neath the m ain A frican rift lakes (7, 8, 11,
not yet complete. / mon depth point seismic rflec- 12). These boundaries are major breaks in

We have demonstrated a capability for Wti on data (1) to delineate the the lacust-ine: str-atigraphr and represent de-
growing, under controlled conditions, su- boundaries of the predecessors to Lakes positional changes that were caused by cli-
perconducting fibers by means of the laser- Malawian Tanganyika, East Africa (Figs. 1 mate, tectonic, and, in the case of the
heated pedestal growth technique. Under and 2). Mapping of paleoshorelines lying eastern rift (13), volcanogenic processes.
the right conditions, the growth process many hundreds of mear below modern The stratigraphic record of abrupt changes
leads to several sunultanetously occuring lake levels is necessary for examining deposi-
properties which make them ideal for study. tional processes in rif, the linmnology and
The a-b planes are directed along the axis of ichthyology of African rift lakes, and the
the fiber, which we believe optim izes c on- palaeo lim atology of Ease Africa.s -
ducrion in the axial direction. A reduced Lake Malawi and Lake Tanganyika occu- Law

num ber of larger crysta £i e takes over fur- py the southern and central parts of th 
U Tut

ing the growth of the smooth sections, westernbranchofdtheEast 
Aftican rift sys- 

M
which sho ' d augment the critical curre tmn (Fig. 1). They am among the world's a L
The fiber's surface morphology becomes deepestlakes, and both lie in a region of
smooth, facilitating the placemeneofelectri- savannah and subtropical forest (2-5). 0
Cal contacts. The superoonducting transition Structurally, both rifts are composed of a
consists of two di-in drops which we series of linked haif-gabens, which t en o

0 believe results fom a phase with higher Te. have alternating directions of asymmey
Note addedix prof Preliminary measure- along the nift axes (6). Modern depoceinters LA ,1m

m e n (1 1 ) w ith a p u lse d c u rre n t sh o w e d a n c o in c id e w ith th e m t su b sid e d p a r s o f m o- u
" excess of 60,000 A/an at 68 K. thes halfgrabens. M ultifold seismic dataAW

hse(Fig. 2, Aarid indicate thaM4ki or more
R E F E E N C ES A N D N O T E S 0o f sed im e n t h a v e ac c u m u late d in th e n o rth -

L. R. S. Fsg"io. in CW Grow* of Eimmut em basins of the Lake Malawi rift (7) and .
. Mawrab, E. Kakiz, E (Nctdi-Hodand. Aniw -
dam. 98S), pp. 127-145, in m .s , sa over 6 km of sediment fill parts of the Lake

.5Lw'.s P. HatrniMI&ng A. B. Budgir. A. Pito Tanganyika rift (8, 9).LA

2.Ed Spr N yok 4 
9SL (p986)

1 . Several seismic sequence boundaries (10)
C. A. Burna i 1. S o, A ppi .Pimp .Lin . 26. 318 have been id en ti fied in the sedim ents be- W

1974).
4. J ie inont d K . A . M Uller. Z . Phb .. 8 64 . 189 2r 3r

t986) Prmeai PROBE. Dep awient ofGCoAloy. Duke Uru -
S. R. S. Fe ipisun ad Y. X. Fan. paper presented at di siv. Dueturn. NC 2706. . 1. The lakes of the East Aican n- tystem.

i7 JUNE 1988 R.EPORTS t64.
- e*1

" 

.!
5.I



tray extend back tens of miLlions of years in The situation is compounded in warm, arid ciared paleolake s cs can be Ie
Likes Tanganyika and Malaw% (7, 8). Lake regions where die primary hydrologic out- nized in seismic relein da ta, y(skeveis also were highly variable in East Africa put is by evaporation. Rapid and often Large changes in acoustic character, which are
during the late Pleistocene (12, 14-16), as water level variations in small, high-relief diagnostic of shallow- to deep-water facecsWell as during historical times (3, 5, 17). drainage basins geate dynamc deposi- trnsitions, (ii) changes in reflectIon rerrru-

Lakes, even large ones, are typically sub- nonal sstems. Sedimentary facies changes nation geometries along sequence bound-
jeet to more rapid water Level chanrges thanr ame common, boths vertically and lateally, aries, and (iii) diagriostic xtrna faes ge-
oc-ans. In rift lakcs, custal extension adds a across lacistrne rift basins (18). ortries such as wave-cu ltrraces and barn-
tectonic component to lake level changes. Ancient lacustrine enivironmntts and asso- er systemas. For example, a Seismic semton

across die northwest part of Lake %4alaw,
A C (Fig. 3) shows that a considerable part of

N the lower, east-dipping sequence has been
trunicated at the upper (dhat is, shallowcst)
sequence boundary. Truncation is a mainufes-

Sgutatiogs of subaeral expoisure and erosion.
3Ag To the east of "b" on Fig. 3A, the reflc-

Fiur tion configuration along the upper sequence
38 boundary changes to a confornmable rela-

nion. Along this part of the seismic line, die
thin, upper depositiortal. sequence overlies2fit contiuous, narrow bandwidth reflectons.
We interpret die lower reflections as an

Flo acoustic FAcies indicative of continuous,
3C "'g open lacuistrine deposits. We interpret the

transiton area from eroisional trunication. to
conformable reflections as the shoreline of a
previouis Uak level still stand, which on this
profile is 400 mn below dhe present level. Ln

rgoswith stemply dipping sequence
boundaries, such as on dhe shouling sides of
rift half-grabes, this trnsto is easily

1001171 jderitihed. Similar straWa relations have beeni
conts in mmeqa L genized at comparable depths elsewhecre

in the northern two-thirds of Lake Malawi,
as well as in several regions in Lake Tangan-Fig. 2. (Ai Multifold seismiuc coverage of lm Malawi. (6) Badiymeuy of Lake M92Lai (C) Multifold yik2ascismic coverarc of Lake Tanganrika. (D) Bazhyrney of Lake Tanganyika. odlmtidctlcaos ines-eraLaealwwodri-

of sesmichues i Fi~ t ve acoustc ficies are evident beneath the

Fig. 3 A) Scsuc im81.6 shallowese seismic sequence boundary (Fig.
frm nrhevr Lak 3B). Toward the center of the lake (from

Maaw. Secionfrom ato b A _____ le__ __ _ _ __ _ b to "et in Fig. 3B) reflections are indica-
shows zone of erosional ti- ve of ru,*open, depwtrlacustrine

truncreattiel deeeah-water-
prsequence sednary Pntation, as previously discussed. In

Note change toacnom the region from 'a" to " the acoustic factes
able relation down dip a"og, consist of mixed amplitude, variable fre-
the upper sequenice bound- quency, wavy, and less continuous reflcc-
ary. Note the approonmam t eons. On this profile, this fades occurs atlocation Of die palenabos-

line___for__th___________low_____ levels that are shl~lower than 300 In below
stage discussed in t--- (11) the modern lake level. We interpret it as
Seismic Line 820 fromn vw-M a ____ lacustune deposits that were subjected to
central Lake Malawi sbow- a subaerial erosion and desiccation during the
is continuous 'openss- . - same late Pleistocenei low stand of Lake
mue'" type acoustic fac (b aemna~- -Malawi discussed above.
tno ) ndesav, ______ The acoustic facias and reflection rermina-
above shallow basement (a c eon geometries tha correspond to this; low
to b). (C) Seismic Line 24 Lt __________________ s~d have been mapped throughout Lake
from central Lake Tanganys- Mlw Fg A.Aot4 no autka. Note shalilow erosioa aai(igxA.Aot4Wmo auen
surfac at water depths of "' sedimentri typicall blankes the sequence
over 600 m. Lunes displaryed bonaythat is associated with the low
am 24-ok stce rs stad The basinward limits of erosional '
2.61vnesi apriately tr nton are about 375 to 400 m beloww.6d1 vrtical toexageater ... .. the modern lake level in the north-central
bottom. Line 214 is time- part of the lake (Fig. 4A). Open lacustmne

2y atd deposits occur at d"ph of 400 m i this
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Resonance effects in Raman scattering in YBa 2Cu3 0 7.

D. Kirillov, Varian Research Center, 611 Hansen Way, Palo Alto, CA 94303;

I. Bozovic, K. Char, and A. Kapitulnik, Department of Applied Physics, Stan-

ford University, Stanford CA 94303-4090.

Abstract.

Raman spectra of YBa 2 Cu3 07 excited by different linaes of Ar and Kr lasers

have been studied. It was found that significant changes in relative intensity and

lineshape of phonon lines occured in the spectra when the excitation frequency was

shifted from the red into blue region of the spectrum. The enhancement of high

frequency phonons, which involves stretching of Cu-O bonds, and transformation of

their asymmetric Fano type lineshape caused by interference with electronic scat-

tering into a symmetric lineshape was attributed to resonance with an interband

transition in YBa 2 Cu3 0 7.

There is strong absorption of light throughout the optical spectrum in the high

temperature superconductor YBa 2 Cu 30 7 [1,2]. Because the lasers used for Raman

measurements in this material have radiation frequencies in the range of strong ab-

sorption, anomalies in the scattering due to resonance conditions can be expected

[2]. Among these anomalies are breakdown of selection rules, dominant appear-

ance of selected lines and overtone scattering. A clear illustration of the selection

rules breakdown due to resonance conditions and, probably, due to distortions in

the structure caused by disorder in oxygen distribution is the domination of the
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infrared active lines forbidden by electric dipole type selection rules in the Raman

spectrum of CU20 [4,51. That spectrum also involves vibrations of copper and oxy-

gen atoms, and phonon frequencies are in the same range as those of YBa 2 Cu 3O.

It is important to understand how resonance effects appear in Raman spectra of

YBa 2 CU307.

In the present work we studied Raman spectra of YBa 2Cu30 7 films as a func-

tion of laser radiation frequency. We used for excitation of the spectra the following

lines of Ar and Kr ion lasers: 647.1, 514.5, 496.5, 488.0, 476.5 and 457.9 nm. The

spectra were taken at room temperature with a sample in a He gas environment to

exclude the lines in the low energy part of the spectrum due to scattering in the

air. We used backscattering configuration, and the scattered light was analyzed by

a scanning triple Spex spectrometer. The thin film samples of YBa 2 CU30 7 studied

in the present work were grown epitaxially on SrTiO3 substrates by a magnetron

sputtering method [6]. The frequency dependence of the absorption coefficient of

YBa 2 Cu3O 7 determined from transmittance and reflection measurements [1,2] is

presented in Fig.1 for the range covered by available laser lines. In this case the film

is oriented along the a axis and the absorption is due to both polarization, E I c

and E 11 b. There is anisotropy in optical absorption of YBa 2Cu3O 7 [1,2]. Because

our samples consisted of mosaic of alternately oriented grains, we were not able

to study the anisotropy in resonance Raman scattering, though we could conclude

that resonance effects are present for all polarizations. As can be seen from Fig.

1, the laser frequencies span the range of the absorption edge type structure in the

absorption spectrum. Examples of the Raman spectra are shown in Figs. 2-4. The

spectra of the film A grown along a axis, with b and c axes oriented alternately

along the a and b axes of the SrTi03 substrate, excited by 647.1 and and 514.5

nm laser lines are compared in Fig. 2. The spectra contain phonon lines and an

electronic scattering continuum which are observed in xx, yy and zz polarizations I
2



and formally correspond to Ag irreducible representation. As can be seen from the

comparison of the spectra, the intensity of the higher energy phonon line at 499

cm - 1 grows noticeably in relation to the 148 cm - 1 line when excitation light fre-

quency moves in the direction of stronger absorption. This intensity increase shows

that the line is resonantly enhanced. There are also changes in lineshapes of the

lines. Breit-Wigner-Fano type interference between phonons lines and electronic

continuum identified earlier for the 112 and 335 cm - 1 lines [7] is stronger for the

spectrum excited by 647.1 nm line, and the asymmetrical lineshape for 499 cm - 1

line in this spectrum clearly indicates that 499 cm - phonons also interfere with

electronic continuum. Absence, or weakness of interference effects in 514.5 nm and

other short wavelength spectra is caused by a frequency dependence of the coupling

constant describing the Fano lineshape. Similar effects of frequency dependance of

the coupling constant for Fano interference between phonons and electronic contin-
=/

uum was observed earlier in strongly doped p-type Si [81.

One more property of the spectra presented in Fig. 2, which must be considered,

is that there are more Ag type modes in the spectra than required by group theory.

Group theory predicts 5 Ag modes, while there are 6 Ag modes in the spectra:

112, 148, 335, 442, 499 and 574 cm - 1 . The line at 574 cm - 1 , which was not

considered as a basic mode in discussion of Ag type phonons [7,9], is always present

in YBa 2 "Cu30 7 spectra. Also unusual is the fact that only Ag modes are seen in

the spectra. Evidently, this problem requires further study.

The spectra of another thin film sample B also predominantly oriented along

a-axis are shown in Fig. 3. This sample consists of a mosaic of microcrystals grown

0 alternately along c and a axes, while a, b and c axes in the plane are oriented

along a and b axes of the substrate. The spectra of this sample have additional

4' lines at 220, 433, 580 and 640 cm - 1. As follows from the polarized spectra, the

symmetry types of 220, 433 and 580 cm - 1 are not consistent with D2h symmetry

4, 3
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group of YBa 2 Cu 3 0 7 because they appear both in parallel and crossed polarization

configurations, while the 640 cm - line behaves similar to Ag modes. Apparently,

433 and 580 cm-1lines, though close in frequency to 444 and 574 cm - lines of

the A sample, correspond to different phonons. These additional lines are often

observed in Raman spectra of YBa 2 Cu3 O7 and sometime attributed to the presence

of BaCuO2 phase in the sample due to the fact that similar lines are present in the

spectra of BaCuO2 [101 . Our measurements on many samples with different small

content of BaCuO2 determined by X-ray diffraction showed that these lines have

no correlation with presence of BaCu0 2 impurity phase. They are most probably

caused by distortion of the symmetry of YBa 2Cu3O 7 due to variation in the oxygen

occupancy in CO 6 octaehdra which distorts the symmetry and makes allowed in the

spectra additional lines, most noticeably those involving Cu-O stretching vibrations

along the Cu(1)-O(1) chains (640 cm-1). The structure of BaCuO2 contains quite

similar CO 6 octaehdra, which explains similarity of the spectral features. As can be

seen from Fig. 3, noticeable enhancement of high frequency phonon lines in relation

to low frequency lines is also observed in the B sample for higher energy excitation.

Breit-Wigner-Fano type interference between phonons and electronic continuum

again appears for line 499 cm- 1 in addition to well pronounced interferences for

112 and 335 cm - 1 lines, see Fig. 3(c).

Additional feature of resonance scattering is the appearance of the overtone

scattering. As can be seen from Fig.4, which shows the spectrum excited by a 4880

A line in conditions of strong resonance, the second overtones of 499 and 640 cm-

lines are observed at 1000 and 1280 cm - , correspondingly, and even a trace of the

third overtone of the 640 cm- 1 line is noticeable at 1920 cm - .

The data on resonance Raman scattering in YBa 2Cu30 7 are summarized in

Fig. 1. Peak intensities, measured from the level of the electronic continuum, of

the resonantly enhanced lines at 499 cm - (A sample) and 640 cm - (B sample)

4
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in relation to the line at 148 cm - 1 , which is not enhanced, are shown in this figure

together with the absorption spectrum. The lines at 442 and 574 cm - 1 of the A

sample and 433 and 580 cm - 1 of the B sample were also enhanced, but not so

strongly. As can be seen from Fig.1, the functional form of the frequency depen-

dence of relative scattering intensity is similar to that of the absorption coefficient.

This can be expected because both dependences reflect the number of oscillators

participating in the resonance absorption and scattering. Due to the fact that

mostly high frequency phonon lines which involve stretching of Cu-O bonds are

enhanced at resonance, the resonant electronic transitions in the studied spectral

range most likely correspond to interband transitions between the occupied states

close to the Fermi level, and an unoccuppied band at 2-3 eV above EF formed by

oxygen and copper states.

In conclusion, resonance effects in the Raman scattering in YBa2Cu307 have

been observed. These effects included change of lineshape and increase of intensity

of high frequency phonon modes, dominance of scattering without change of the

polarization of light, and appearance of overtone scattering. Variations in resonance

scattering were pronounced in the spectral region having an absorption edge like

feature at 2-3 eV in the absorption spectrum.



Figure captions.

Fig. 1. Absorption spectrum of YBa 2 Cu307 (E 11 c, E 11 b) in the range of laser

frequencies used for excitation of Raman spectra. Peak intensities of the 499 cm-1

Raman line, sample A, and 640 cm - 1 line, sample B, in relation to the intensity

of 148 cm - 1 line at different excitation wavelengths are shown in the same figure.

Lines drawn through experimental points are guide lines only.

Fig. 2. Raman spectra of the A film. The spectra appear only in yy and zz

polarizations.

(a) The spectrum excited by a 514.5 nm laser line.

(b) The spectrum excited by a 647.1 nm line.

6, Fig. 3. Raman spectra of the B film.

(a) The spectrum excited by a 514.5 nm laser line.

(b) The spectrum excited by a 647.1 nm line.

(c) The spectrum excited by a 647.1 nm line in the aged part of the sample with

reduced intensity of the 640 cm - 1 phonon line. The spectrum show clearly the

interference of three phonon lines at 112, 335 and 499 cm - I with an electronic

continuum component.

Fig. 4. Higher order Raman scattering, film B, 488.0 nm excitation. Overtones at

1000, 1280 and 1920 cm - 1 are indicated.0
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The optical anisotropy of YBa:CuOi-, in the 0.08-5.6 eV region is investigated by polarized r%
" -~ reflectance measurements on single crystals. and by transmittance, reflectance, and ellipsometric -O"

ff - measurements on oriented thin films. In the visible-near-uv spectral region tie anisotropy is rela- 7
4. tively mild, but a huge anisotropv is observed in the infrared. Here. the reflectance increases with
o decreasing frequency for both polarizations. consistent with metallic conductance both parallel 0 "

and perpendicular to the ab plane. The c-axis plasma frequency is strikingiy low, but there is -"

E 0 strong damping which could originate from a continuum of low-energy interband transitions. O.,.
0 .

LS372118R 1988 PACS numbers 74.70.Jm 78.30.Er X ER O X CO PY

YBaCu 3O7-, (Y-Ba-Cu-O) and related high-Tc cu- University. Thicknesses ranged from 500 A to I um. The
prates are currently the subject of intensive research quality of the films can be judged from their low normal.
,worldwide. '  One of the major issues is the effective state resistivities, sharp (1-2 K wide) superconducting
dimensionality of these materials, which can be addressed transitions, and high critical current densities of up to
in principle from the anisotropy of their electronic proper- 1.2x 107 A/cm2 at 4.2 K. X-ray diffractograms of these
ties. With this objective, the conductance anisotropy of films showed a high degree of epitaxial orientation. Some
Y-Ba-Cu-O single crystals has been studied by several of the films were grown with the c axis and others with the
groups,'Who reported values of pj./pi between 30 and a axis (predominantly) perpendicular to the (001) face of
200. However, extrinsic effects such as planar stacking the substrate.
faults, microcracks, inhomogeneous oxygen concentration, Mid-ir reflectance spectra of the single crystals were
etc., may be a serious problem in single crystals and could obtained with a Digilab FTS-40 Fourier-transform in-
well affect the dc results. In principle, high-frequency ac frared spectroscopy (FTIR) spectrometer coupled to a
conductance and optical measurements are less subject to Spectratech ir-PLAN microscope that provided spatial
ambiguities of these sorts, because charge displacements resolution of 50 uro. This allowed us to record polarized
are rather small in such experiments. However, no con- ir reflectance spectra not only from the large platelet faces
clusive results have been reported yet. Some indirect in- which are parallel to the ab plane, but also from the plate-
formation has been inferred from apparent discrepancies let sides which are perpendicular to the ab plane. We
between single-crystal 5 6 and bulk-ceramic 7 reflectance changed the polarization by rotating the Zn-Se polarizer
data, which have been resolved.6

.
5 based on analogy with or by rotating the sample; the results were consistent in

La,NiO4, by postulating Y-Ba-Cu-O (as well as both cases as can be seen from spectra D and E in Fig. 1.
La,-,SrCuO4 ) to be highly anisotropic-in fact, metal- As no irstrumentation available to us could achieve
lic in the ab plane and insulating in the c-axis direction. sufficient spatial resolution to measure the optical spectra

Here, we present optical data which show that. al- of the platelet sides at higher photon energies, we supple-
though Y-Ba-Cu-O is indeed highly anisotropic in the in- mented these results with near-ir, visible, and near-uv
frared region, the c-axis polarized reflectance is not data obtained from transmittance, reflectance. and ellip-
characteristic of insulating material but rather shows a sometric measurements on oriented thin films. In addition
metalliclike rise with decreasing photon energy. to the FTIR spectrometer, we used a near-

Single crystals of Y-Ba-Cu-O were grown at Princeton ir-visible-near-uv Perkin-Elmer Lambda-9 double-
University by the flux method in an oxygen flow. Tne monochromator doubie-beam spectrophotometer and a
average size of the crystals was 0.5 x0.50.1 mm 3 and near-ir-visible-near-uv spectroellipsometer.11

they had shiny faces of high optical quality and sharply For a normal-incidence measurement on a film with a
detined edges. Typical Tjs were between 91 and 93 K. typical grain orientat:on of -80%. one has E±c :n
'.ith 0.5-K wide transitions. To measure the resistivity by -60% of the grains in a-axis-oriented films, as compared
the Montgomery technique. 25-um Au wires were to -90% in c-axis-oriented ones. for either polarized or
indium-soldered onto the largest crystal faces near the unnolarize6 light. Athough ellipsometry is a non-
corners. normal. incidence technique. the pseudodielectric resporse

Thi Y-Ba-Cu-O films were eeosited on SrTiO, sub- e' (that calculated from the ellipsometric data in :t

rates by reactive magnetron )puttermn, -I at Stanford two-phase model without regard to anisotropy or surtace

W % %' %



1.0 A stage we prefer to use large sample sets. Hence. we
R recorded altogether about 50 reflectance spectra from

various faces of four single crystals. ellipsometric spectra
08_____ _ _ _ from about two dozen thin films, and transmittance and

LIJ
u reflectance spectra from a few hundred films.z<0b 7 Typical normal. incidence ir reflectance spectra from a

"side"-i.e.. a face perpendicular to the ab plane-of a
Y-Ba-Cu-O single crystal are shown in Fig. I for light po-

U0.4, larized parallel and perpendicular to the CuO, layers. A
L. I

large anisotropy is apparent. The actual anisotropy may
0.2RL. , be even larger because of possible artifacts due to surface

imperfections, sample misalignment, incomplete light po-
0 -. 0 larization, etc. However, the high metallic Ri( u) shown

0 0 2 0 3 0.4 0 5 in curve B does not differ by more than a few percent from
pnoton energy (eV) the reflectance spectra of the large platelet faces which

are parallel to the ab plane (curve A) or from those of ourFIG. I. Polarized infrared reflectance of Y-Ba-Cu-O, at nor- ohrsnl rsasadorbs -xsoine im
mal incidence, from A. single crystal, ab face; B, D, E, single (cutrv e C).

crystal, side perpendicular to ab face: C, c-axis-oriented film

(pristine surface). The R.(w) spectra were obtained by rotat- The real and the imaginary parts of the pseudodielec-
ing for 900 the polarizer (D) or the crystal (E). The reflectance tric function (e(w)) e, (co) +ie2 _(ou), determined from el-
of films can be raised to that of A when the surface was cleaned lipsometric measurements, are shown in Figs. 2(a) and
by ion milling the top 500-1000 A. 2(b) for a c-axis- and an a-axis-oriented thin Y-Ba-Cu-O

film, respectively. (Note that these films are not as dense
as Y-Ba-Cu-O single crystals, which indeed show ' 3 some-

effects) can give a fairly accurate measure, under certain what larger et and e,..) The overall similarity of the two
conditions and for properly aligned samples, of the indivi- sets of spectra is clearly apparent, with the major
dual principal components of the dielectric tensor of a uni- differences being in the occurrence and position of spec-
axial medium. 12 Using the orientation statistics of these tral features above 3 eV and in the appearance of a free-
films, we dstimate that Fig. 2(a) (in the whole energy electronlike component in the c-axis data below about 2.5
range) and Fig. 2(b) (above 2.5 eV) yield I e, I and 1 e. I, eV. This low-energy feature is also seen in data taken on
respectively, to within 20%. the ab faces of single crystals.

Since many physical parameters of Y-Ba-Cu-O depend To cast these data in the form more directly suitable for
very sensitively on preparation, impurities, defects, etc. comparison to the reflectance data of Fig. 1. we have used
(which accounts for many conflicting reports), at this them to calculate the corresponding reflectance spectra

and have also plotted the results in Fig. 3. The measured
reflectance of a c-axis-oriented film (the dashed curve)

3 ,- c -axis film
i ',,, E: 1.0

1__ -R A N SM [7 A N C E

0 2 2 a axis

ph-tnotoe eergy eV

0.62 3 4 5 6

LU
photon energy (eV) .0.4 \

3- a -axs film 02 \,

!R

C 0 1 2 3

- -- proton ene'cy eV)

FIG. 3. Reflectance (from Fig. I) of Y-Ba-Ca-O ingie z s-
S3t5l. R, and R. compared to that of thin films. R. and R. bro-

kcn curve measured: solid curse. .alculated from Fg
Note that R, has a component of R Inset Transrntuan-e A

FIG " T'e comp c: pseudodielectric Functions e'('w) -'_OO-- -thick Y-Ba-Ca-O films..)n SrTO - ubtrates. )r:c'-
"'/1 "- :-',i u ) -.J .)r-i rienited chin Y-::.-Ca-A) ntin. ed ithc axis and , axis perpendic.',iar to ! c )un:v.a;:c.

nd ',) i- ,,i,- rtcntcd idin. I r omparable denhtlv, ctjij1 F due to the ,uh-,rate ah-,rpiiun



and :h- transmitances of both c-axis- and a-axis-oriented 0 they are too strongly damped to be well-defined excita-
films (the inset) are shown in Fig. 3. Consistency among tions of the system. In fact, we expect two or more bands
the three experimental techniques utilized is apparent to cross the Fermi level 16 in Y-Ba-Cu-O. In that case,
and, in fact, is further improved when the differences in there should be a continuum of optically allowed (i.e.,
the degree of orientation are taken into account. The an- "vertical") low-energy interband transitions. That could
isotropy is seen to be very large in the ir region and to de- well be related to the observed "strong damping of free
crease with increasing photon energy, diminishing to rela- carriers." A continuum of electronic transitions, feature-
tively small values in the visible and near-uv regions. less and nearly flat (at room temperature) should show up
These spectra, and hence the anisotropy, do not change also in Raman scattering, and indeed it was observed 14 in
much"1 with tempera:ure down to 77 K, i.e., well below dozens of good superconducting Y-Ba-Cu-O thin films
the superconducting transition, in the 0.15 < h w < 3-eV (from the lowest Raman shifts detectable all the way up
spectral range. to I eV), as well as in single crystals. 7 It would be in-

Let us turn now to the question of effective dimen- teresting to see what is happening in other high-T, super-
sionality. Of principal interest here are the low-frequency conductors not isostructural with Y-Ba-Cu-O, i.e., the cu-
single-crystal polarized-reflectance data of Fig. I. Notice prates containing La. Bi, and TI.
first that R .(w) actually also shows a metalliclike upturn Finally, our R. . (w) does come with an error bar, as
at frequencies below -0.4 eV or so; this is even more ap- pointed out above; also, it would be desirable to extend the
parent in Fig. 3. It does not appear insulatinglike in any single-crystal reflectance anisotropy data further into far
event, in contrast to tetrathiafulvalene tetracyanoquino- infrared. From the present reflectance data, we cannot
dimethane (TTF-TCNQ), hocamethyltetravelenaful- rule out the existence of a very small gap, of -- 50 meV or
valene tetracyanoquinodimethane (HMTSF-TCNQ), or so, for the conduction in the c-axis direction. If that were
KzPt(CN)4 Bro 3 3H20 and similar low-dimensional ma- the case, one would expect R.((a) to show a strong tern-
terials where R. . (wa) remains low and nearly constant perature dependence. i
down to the phonon-frequency region. Hence Y-Ba-Cu- In conclusion, we have presented optical data (polarized
0, although certainly strongly anisotropic, does not look reflectance spectra from different faces of single crystals,
like a quasi-two-dimensional metal on the basis of its opti- and transmittance, reflectance, and ellipsometric spectra
cal properties. Furthermore, some consistency among of oriented thin films), which show that Y-Ba-Cu-O is not
different experimental data can be achieved within the very anisotropic in the visible/near-uv region, but that it is
present description, rather anisotropic in the midinfrared and below. Howev-

We use the least-squares fit to the simple Drude model, er, the reflectance with light polarization perpendicular to
edai) " (o) -=c,/ca(ct+if'), and get hAwa.0:7 eV, the CuOZ layers rises at low frequencies, as expected from

0.9 eV, ,..(5) 4 eV. From these parameters metallic rather than insulating behavior. In the range of
and utilizing the relation p-4r/rai, one gets p 1. 10 frequencies investigated here, no evidence is found for the
mfl cm. Since pn-250-400 ulcm, this amounts to qualitatively distinct in-plane and out-of-plane transport
p./pq -25-40, in reasonable agreement with dc conduc- mechanisms. The data are consistent with existence of a
tance experiments.15 Notice, however, that the above continuum of low-energy interband transitions. Given the
values of wL and r. are quite uncommon to ordinary important theoretical implications of this issue, extension
metals: The plasma frequency is more than order-of- of the spectroscopical measurements to the lower frequen-
magnitude too low while the damping is anomalously cies and to other related cuprate materials is important
strong. Another important parameter is the optical and is underway.
effective mass. mt. From o1-4ne2fm * and assuming
the carrier density n=6xlOzl cm - 3 (which has been This research was supported in part by the Air Force
suggested from the Hall effect measurements3'1 0 ) one gets Office of Scientific Research (Contract No. F49620-88-
m. - 15m, which certainly is uncommon. K0002), the Stanford Center for Materials Research un-

As for the low-frequency "heavy-axis" plasmons der the National Science Foundation/Materials Research
-which play the central role in some theoretical models Laboratory program, and by the Physics Department,
of high-T superconductivity-it seems that in Y-Ba-Cu- Princeton University.
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